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ABSTRACT

presented of the results of a number of studies conducted prior to March 1992 that
conceptual model describing how the porosity (and therefore the permeability) of

waste and backfill in a Waste Isolation Pilot Plant disposal room changes with time and also
describes how results from calculations involving mathematical models of these processes are used
to provide input into performance assessment of the repository. Included in the report are
descriptions of essential material response or constitutive models that include the influence of gas
generation and the response of simple gas-pressurized cracks and fractures in salt, marker beds,
and clay seams. Two-dimensional versus three-dimensional disposal room configurations and
descriptions of the differences between numerical codes are also discussed.

Calculational results using the mathematical models for disposal room response are described,
beginning with closure of empty rooms and becoming progressively more complex. More recent
results address some of the effects of gas generation in a room containing waste and backfill and
intersected by a gas permeable marker bed. Developments currently in progress to improve the
evaluation of the disposal room performance are addressing the coupling between brine flow and
closure and the two-dimensional capability for analyzing a complete panel of rooms. Next, a
method is described for including disposal room closure results into performance assessment
analyses that determine if the repository is in compliance with regulatory standards. The coupling
is accomplished using closure surfaces that describe the relationship among porosity, total amount
of gas in the repository, and time. A number of conclusions about room response and
recommendations for further work are included throughout the report.
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1.0 INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) is a research and development facility to demonstrate

the safe management, storage, and eventual disposal of transuranic (TRU) waste generated by
Department of Energy (DOE) defense programs. The WIPP is located in southeastern New Mexico

at a depth of approximately 655 m (2150 ft) in bedded halites within the Salado Formation
(Bechtel, 1986). The repository is a series of underground drifts, panels, and disposal rooms as
shown in Figure 1-1. Each disposal room is about 4 by 10 by 91 m (13 x 33 x 300 ft) and will be
filled with 55-gallon drums or other containers of TRU waste. After the containers are placed in
the room, crushed salt or some other type of backfill will be placed over, around, and between the

containers to fill much of the remaining room void space. After backfilling, the room will be

closed to further access and its contents allowed to consolidate with time.

The objectives of this report are ( 1) to summarize the results of studies that have led to

development of a conceptual model for describing how the porosity and permeability of waste and
backfill change with time and (2) to show how results from calculations involving mathematical
models of these processes are used to provide input into performance-assessment predictions that

determine if the repository is in compliance with regulatory standards. Specifically, the majority
of work reported in this document refers to post closure 40 CFR 191B performance assessment.
Exceptions are those areas regarding RCRA, which are clearly identified. The contents represent

progress in development over a period of approximately four years, ending March 1992. Before
discussing these objectives further, a brief discussion of the waste environment after a room is
filled is necessary.

1.1 The Disposal Room Closure Process

The disposal room closure process is a complex and interdependent series of events starting
after a disposal room is filled with waste. Three processes are important: ( 1) the volume of the

excavation decreases as the salt surrounding the room creeps in response to overburden loads; (2)
brine migrates towards the room because fluid pressure in and adjacent to the room is lower than
the equilibrium fluid pressure that existed in the salt prior to excavation (the far-field fluid
pressure far away from the excavation); and (3) decomposition, corrosion, and radiolysis processes
within the waste may generate gas. The presence of gas within the disposal room is important not

only because gas pressurization may retard both the closure process and fluid flow, but also

because it may include entrained hazardous volatile organic compounds (VOCS), whose migration
must be limited. All three processes continue with time until the forces causing closure become

equal to opposite forces caused by brine and gas pore pressurization and backstress exerted by the
waste and backfill. Closure in this report is dejined as the decrease in volume oj a mine excavation

in salt with time, as the surrounding salt dejorms into it. The ability of salt to deform with time,

to eliminate voids, and to create an impermeable salt barrier around the waste was one of the
principal reasons for locating the WIPP repository in a bedded salt formation.

In the absence of any disruption of the natural barrier surrounding the repository (e.g., the
absence of an inadvertent human intrusion), continued gas generation may eventually reduce the

closure process to the point where it stops. After a minimum void or pore volume is reached, the

void volume within the room may then begin to increase, if leakage of the gas away from the

waste is not sufficient to relieve pressurization. Void volume increase will continue untiI gas

generation ceases and pressure equilibrium is eventually established with the sur -
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TRI.6346-59-1O

Figure 1-1. Proposed WIPP Repository showing both TRU-waste disposal areas and experimental
areas (after Waste Management Technology Dept., 1987). The disposal areas are

composed of haulage ways, access drifts, and eight panels, each containing seven
disposal rooms.
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rounding formation. For the purposes of post-closure RCRA, gas leakage mechanisms must be

defined to demonstrate that VOC gases do not escape to the accessible environment in excess of
the regulated amounts.

Eventually, changes in the room volume will begin to equilibrate as the stress within the
room approaches lithostatic stresses (14.8 MPa) after long periods of time. While subsequent

decreases in room porosity, the void space in the room, may occur because of slow consolidation

of the waste, very long-term chemical phase alteration of the waste, or reduction of pore pressure
by fluid transport away from the room, these changes are expected to have little effect on the 40

CFR 191B post-closure performance of the repository. For the purposes of this report, the jinal

state of the room is defined as ils condition when lithostatic equilibrium is reestablished.

While the steps in normal closure of the repository are hundreds to thousands of years in

duration, they can be interrupted at any time by events that disrupt the state of the repository.
For example, inadvertent human intrusion into the repository, such as drilling into it, could have a
major effect, bypassing natural barriers and releasing pressurized gas and brine, which in turn
may alter or restart various parts of the closure process (WIPP Performance Assessment Division,
1991a, Vol. 1, Section 2.1.2).

1.2 Disposal Room Modeling Objectives

The various stages of closure described in Section 1.1 indicate that the mechanical and

physical states of the repository are continually changing with time. Models are required to
predict these changes to evaluate the performance of the repository and demonstrate compliance
with waste storage regulations. Two types of models will be described. The conceptual models

for the disposal room are qualitative and identify all of the various processes that contribute to
mechanical and, to some extent, fluid flow changes within the room. The words “disposal room
model” in this report rejer to the combined conceptual models. Each conceptual model must then
be described by the second type of model, a mathematical model, for quantitative prediction of
the response of a room. These mathematical models, in turn, must be integrated into the very

broad computational process that eventually is used to demonstrate quantitative compliance of the
repository with federal and state regulations.

The principal objective in construction of the disposal room model for investigation of

repository conditions is to predict the porosity of the waste and backfill at any time. The need for

porosities of the waste is twofold. First, transport of soluble radionuclides in brine is one of the

principal ways that radionuclides can escape from the repository.1 The void volume remaining in
the room at any given time, as computed from porosity, determines how much radioactive brine
could be present if all the voids filled with brine.

Second, the porosity of the waste or backfill is one of the most important factors
determining permeability. In reverse, while the permeabilities of the waste and backfill actually

determine the rate of transport of soluble radionuclides in brine out of the repository, their direct
coupling with porosity permits the use of the porosities as indirect indicators of flow magnitudes.
Furthermore, if porosities are used, a translation from porosity to permeability is possible: given

1 Cuttings removal from drilling penetration of the repository during an inadvertent human
intrusion is the other principal mechanism by which radioactive materials can reach the surface
of the earth.
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the porosity of a waste material at a given time, its permeability can be estimated from

relationships derived from laboratory data (e. g., Butcher et al., 1991a; Luker et al., 1991).

Therefore, the disposal room model can be cast in terms of the porosity of the waste and backfill
as a function of time. Computational results described later in this report will show that

consolidation of crushed salt backfill, or a mixture of crushed salt and bentonite backfill to
relatively impermeable states, is much more rapid than the consolidation of the waste.

Another objective of the room modeling effort is to provide computational methods for

solving room response problems. Development of the computational methods for addressing

closure has been a parallel approach involving two different numerical codes. This process was
considered necessary because calculations in many cases proved to be much more difficult than
anticipated, and problems with the numerical techniques frequently meant that results could not be
obtained in time to satisfy programmatic milestones. For a given problem, the two codes usually

did not encounter the same difficulties, and therefore, if one failed to solve the problem, results
could almost always be obtained from the other. The two numerical codes used are the finite-

element, finite-strain code SANCHO (Stone et al., 1985) and the finite-element, small-strain code

SPECTROM-32 (Callahan et al., 1990). Although the codes appear at first examination to be

almost identical in the manner that problems are solved, they are actually quite different in several
respects (Butcher et al., 1991a), as will become evident in Section 3.0 of this report.

1.3 Report Organization

Because the disposal room model described in this report must translate into a computational
method for acquiring quantitative closure information, the report is organized according to the

way that a calculation would be performed. In Chapter 2, some of the information for

establishing the initial conditions and configuration of the problem is described. This information
includes a description of the repository and the initial configuration of a disposal room, the room

dimensions, the stratigraphy of the surrounding salt, and how the waste is emplaced.

Chapter 3 describes the material response or constitutive models needed for the calculation.

These include mathematical descriptions for:

● creep of intact salt,
● creep consolidation of salt-based backfill,
● consolidation of the waste,
● deformation of the disturbed zone of rock surrounding the room,
● gas pressurization, and
● the response of large scale cracks and fractures in salt and discontinuous features in the

stratigraphy such as marker beds and clay seams.

Some additional factors that must be considered for closure calculations are examined in
Chapter 4. These include the use of two-dimensional (2-D) versus three-dimensional (3-D)
disposal room configurations, descriptions of the differences between the two numerical codes, and
discussion of the special assumptions used in some of the calculations.

Example results are described in Chapter 5. These begin with results for the simplest type

of calculation, closure of an empty room, and become progressively more complex. More recent
results address the effects of gas generation in a room containing waste and backfill and
intersected by a gas-permeable marker bed.
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Chapter 6 is a brief description of some of the development work in progress to improve the
model. For example, the consequences of an inadvertent human intrusion have yet to be

addressed, although the methods for completing this step are already in place. Incorporation of
the effect of brine flow on gas generation and closure by coupled-flow analysis is also being

addressed, as well as the feasibility of various panel-scale modeling schemes.

A major objective of this report, a proposal of the way the disposal room model can be

coupled into assessment of repository performance, is in Chapter 7. The mechanism of
information transfer is currently specification of (closure) surfaces describing the relationship of

three variables, porosity, total amount of gas in the repository, and time, for various assumed
sequences of events.

Finally, Chapter 8 is a summary of the contents of the report and recommendations for

further development.
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2.0 FACILITY DESCRIPTION

2.1 Room and Panel Dimensions

The WIPP repository is located in southeastern New Mexico at a depth of approximately 655

m (2150 ft) in bedded halites within the Salado Formation (Bechtel, 1986). Present plans call for

mining eight panels of seven rooms as shown in Figure 2-1. Backfill will be placed around the

waste as each panel is filled. Waste will also be placed in the drifts between the panels, which

then may be backfilled, to utilize space corresponding to approximately two additional panel

volumes. An experimental region exists at the north end of the repository that will be

decommissioned and backfilled as the underground experiments are completed. No waste will be

stored in the experimental area.

All underground openings in the waste panels have rectangular cross sections. Rooms are

nominally 4 m (13 ft) high by 10 m (33 ft) wide by 91.4 m (300 ft) long,l and drifts are generally

3.96 m (13 ft) high by 4.3 m (14 ft) wide (WIPP Performance Assessment Division, 1991a, Section

3.1 .1). The width of the pillars between the rooms is 30.5 m (100 ft); the distance between the

centerline of a room and the centerline of a pillar, the basic unit of symmetry, in the interior of a

panel, is 20.27 m (66.5 ft).

The configuration for closure analysis is generally a single disposal room. Because of

computational limitations, most past numerical closure calculations have been limited to 2-D plane

strain analyses that examine closure of the 4-m-by- 10-m cross section of an infinitely long room.

These rooms, in turn, either are assumed symmetric, with vertical symmetry planes at the center

of each pillar and each room, as would be valid for an infinite series of rooms, or modeled as a

single, isolated room. Extensive calculations of 3-D effects at intersections of the rooms with the

panel access drifts have not been completed largely because of restraints imposed by the numerical

methods and computation time. However, some results are available from calculations by Arguello

et al. (1989) and Arguello (1990). Additional discussion of 3-D effects is in Section 4.1.

2.2 Stratigraphy

Closure analyses of disposal rooms are limited to the stratigraphy of the Salado Formation

because this geological unit is of sufficient extent to contain far-field computational boundaries.

The detail of the stratigraphy is usually limited to that within approximately t 55 m vertical

distance from the horizon of the repository because stratigraphical features farther away have little

influence on closure (Munson et al., 1989a). The Salado in the vicinity of the repository is

composed mainly of five geological materials: halite, argillaceous halite, anhydrite, polyhalite, and

clay in clay seams, as shown in Figure 2-2. Marker Bed 139 is the principal interbed in the

vicinity of the repository horizon and is an anhydrite layer approximately 1 m thick located

several meters below the repository floor.

1 Exact dimensions are 3.96 m high by 10.06 m wide by 91.44 m long.
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Figure 2-2. Stratigraphy at the WIPP repository horizon (after Bechtel, 1986, Figures 6-2 and
6-3; Lappin et al., 1989, Figure 4- 12). Units in the disposal area dip slightly to the

south, but disposal excavations are always centered about the orange marked band
(reddish-orange halite) (taken from WIPP Performance Assessment Division, 1991a,
Figure 2.2-3). The stratigraphy above and below the limits of this figure is mostly
halite.
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Two principal abstractions of the repository stratigraphy have been used for closure

analyses. In one, much of the rock surrounding the disposal room is classified as halite (Krieg,

1984); in the other, it is described as argillaceous halite (Munson et al., 1989a). The first, shown
in Figure 2-3, is the reference stratigraphy defined by Krieg (1984). This stratigraphy has been

used for calculations performed with the finite-element computer code SANCHO (described in
Section 4.2.2), although most SANCHO analyses have assumed that the stratigraphy surrounding a
disposal room is composed entirely of halite. The reasons leading to this representative

stratigraphy are described in Section 5.1.1. This assumption was based on comparison calculations
that showed little difference between results obtained using the reference stratigraphy and results

using pure halite (Morgan, December 9, 1987 memo in Appendix A).

The second abstraction of the WIPP stratigraphy for closure calculations is shown in Figure
2-4 (Munson et al., 1989a). Although this stratigraphy was originally developed for analyses of

the closure of the in situ Room D experiment at the WIPP, its use has been extended to closure
analyses for other drifts and rooms performed with the numerical code SPECTROM-32. It has
also been used for empty disposal room estimates with SPECTROM-32. To make comparisons
with SANCHO results easier, the most recent SPECTROM-32 disposal room closure calculations

have also been for a stratigraphy surrounding a disposal room composed entirely of halite.

2.3 Waste Emplacement

The WIPP’S current design capacity is approximately 175,000 ms and will contain a current
inventory estimate of about 532,500 55-gallon drums and 33,500 boxes of contact-handled,

transuranic (CH TRU) waste (WIPP Performance Assessment Division, 1991a, Section 3.4).
Approximately 600/0 of this waste may be co-contaminated with waste considered hazardous under

the Resource Conservation and Recovery Act (RCRA) (US EPA, 1987). A small portion of the
waste must be remotely handled (RH) and will be contained in canisters emplaced horizontally in

the walls of the rooms.

Ideal packing of a total of 6804 55-gallon containers, the most that can physically be placed
in a disposal room, has been assumed as the amount of waste in a single room (WIPP Performance
Assessment Division, 1991a, Sec. 3.16) for most closure analyses. This configuration is based on

placement of the drums in groups of seven hexagonal-packed units, or 7-packs, 54 units long by 6
units wide. Seven-packs would be stacked three high, with the top units covered by up to 2 ft of

backfill.

The remaining space above the backfill is a ventilation space, approximately 2 ft high
(Bechtel, 1986). The ventilation space dimension is included in the storage room reference design

dimensions recommended by Bechtel (1986), which state that the level of salt should be maintained

at 9.75 m (10 ft, 8 in) above the floor of the room, and a ventilation space of 0.4 m ( 1 ft, 4 in)
minimum should be maintained until the room is filled and plugged.

2.4 Backfill Emplacement

Layers of backfill will surround the waste (on top of it and between it and the walls of the
room) to minimize void volume (e.g., Butcher et al., 1991a). Backfill eliminates as much void
space as possible. Principal backfill materials under consideration are pure crushed salt, crushed
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salt mixed with bentonite or other additives, or grout. Backfill emplacement is anticipated to be

straightforward because a wide range of mechanical and pneumatic methods has been developed
by the mining industry for backfilling various types of excavations. To promote higher density
and uniformity and to facilitate emplacement of salt-based backfill, all salt particles larger than
about 12.5 mm (1 in) will probably be removed from mine-run crushed salt and recrushed
(Butcher et al., 1991a).
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3.0 DISPOSAL ROOM MATHEMATICAL MODELS

3.1 Salt Creep

Halite (salt) has the interesting characteristic of being able to deform with time under low

shear stresses. This mechanical property causes mined cavities or voids in bedded or domal salt

formations to decrease in volume with time until (1) either they are reduced to very small

openings or (2) brine and gas pressure within the pores increases sufficiently to counteract stresses

causing closure. After the waste is emplaced in the repository, the salt will deform around it,

reduce any void volume that could eventually fill with brine, and surround the waste with a tight,

impermeable barrier.

Because published results of experiments and modeling of the creep consolidation of salt are

so extensive, a summary of such information is beyond the scope of this report. Instead, attention

is focused on two milestones in constitutive modeling of the salt surrounding the repository. The

first, by Krieg ( 1984), was construction of a reference steady-state creep law based on a

comprehensive examination of all data relevant to WIPP salt prior to 1984. An elastic/secondary

creep relationship was defined. The rationale for limiting the description to secondary, steady-

state creep, rather than including a primary or transient creep function, was that long enough

periods of time were under consideration to render transient effects of lesser importance. This

conclusion was based on the expectation that any transition to steady state would occur quickly,

and transient strain would be limited in magnitude in relation to the large strains accompanying

long-term closure. The assumption was made, therefore, that because the preponderance of the

deformation was expected to be from steady-state creep, total strains predicted from steady-state

creep rates would be only slightly in error.

A reference stratigraphy for the region surrounding the disposal rooms was also

recommended by Krieg (1984), as were reference mechanical properties for dominant nonhalite

features such as anhydrite and polyhalite marker beds and clay seams. This information was

assumed for calculations addressing comparisons with early closure data from the first

underground experimental tests initiated at the WIPP.

Comparison of closure estimates with early closure data almost immediately indicated that

mined openings in the WIPP were closing approximately three times faster than was predicted with

the reference creep law. As a consequence, simple fixes to the reference creep law were

instituted. Major changes involved dividing the elastic moduli values of the reference creep law

by a factor of 12.5, and greatly simplifying the stratigraphy of the disposal room model by

changing it to a uniform formation of 1000/o halite. A mechanistic justification for reduction of

the moduli was- not apparent at that time; the stratigraphy was simplified because of major

uncertainty in modeling features. With the modulus and stratigraphy changes, closure estimates

using the modified reference creep law and stratigraphy were found to be in agreement with

closure data, and they have been incorporated in all subsequent SANCHO calculations.

Specification of the parameter values used in the SANCHO model will be deferred until the next

section on backfill consolidation because they are also part of the backfill model.
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The second milestone in constitutive modeling of salt was provided by Munson et al. (1989a;

1989b) after examination of a number of possible explanations for the inadequacy of the original

reference creep law. This model also changed the original reference creep law and stratigraphy

recommendations in several ways. First, Munson proposed that a Tresca flow criterion be used

instead of the von Mises flow criterion implicit in Krieg’s reference creep law. Second, based on

examination of core from boreholes drilled 15.2 m (50 ft) above and below the rooms, Munson

constructed a different stratigraphy composed almost entirely of argillaceous halite for the rock

surrounding the repository (Figure 2-4) and proposed a different value for the coefficient of

friction controlling slippage along clay seams. The steady-state creep rate for argillaceous halite

was adjusted to be slightly greater than the rate for clean salt. The final change was to include a

description of primary (transient) creep in the constitutive model to represent initial deformations

during and after underground mining activities. Closure estimates using the new creep model

were shown to be in agreement with a much larger portfolio of subsequent closure data, avoiding

the need for adjustment of elastic constant values. Munson’s model has been the basis of much of

the more recent SPECTROM-32 analyses. Specification of the parameter values used in the

SPECTROM-32 model will be deferred until the next section on backfill consolidation because

they are also part of the backfill model.

Since Munson’s model appears to overcome the limitations of Krieg’s reference creep law,

its inclusion in SANCHO calculations would be useful, particularly with regard to benchmarking

comparisons of results from the two different codes. Incorporation into SANCHO has been

difficult, however, and central processing unit (CPU) times for calculations using this model have

increased to the point where routine calculations with it are prohibitive. This situation is

complicated by the fact that even with the simpler E/12.5 approximation, the computer time

required for complex SANCHO calculations involving waste, backfill, and gas has increased to the

point where the feasibility of any more than several calculations for each type of problem has

become questionable. Typical CPU times for detailed disposal room closure problems are several

hours or more of CRAY computer time (Stone and Arguello, December 17, 1991, memo in

Appendix A). Thus, while the E/ 12.5 approximation is an oversimplification of salt creep

response, it has been widely used. Justification for its use is that it appears to provide predictions

that are conservative in the sense that they produce less rapid closure than the closure histories

obtained from SPECTROM-32 with Munson’s constitutive relation. Less rapid closure means

higher permeability, and if demonstration of compliance is possible under these circumstances,

then refinement of the model will imply even lower permeabilities, assuring even better

compliance.

The procedure of reducing the value of an elastic modulus or increasing the initial elastic

strain of a constitutive model to acquire better agreement with creep closure data from

underground openings in salt has been reported several times in the literature (Munson, September

19, 1990, memo in Appendix A). Because of its critical influence on WIPP closure results, the

implications of the E/12.5 reduction have been examined by both Morgan and Krieg (1990) and

Munson. For example, Morgan and Krieg (1990) concluded from a series of calculations of

closure of a vertical shaft the success of the E/12.5 reduction could not be explained by the

hypothesis that it was more representative of the elastic response of the damaged or microcracked

rock adjacent to the surfaces of WIPP excavations. Nor was a second hypothesis that the degraded

modulus increased the elastic strains in the salt mass remote from the room surfaces to the extent
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that the integrated effect produced increased closures valid. Morgan and Krieg’s study did reveal,

however, quite different unloading behavior around openings in rock salt than was observed in

calculations without the reduction.

Munson observes that the E/12.5 assumption in closure analyses has the effect of

representing the complex transient-strain portion of the salt creep response with a large,

instantaneous step function elastic strain at time zero; i.e., all of the transient strain appears

instantly upon application of the stress, rather than gradually with time. The reader is referred to

Munson’s memo (Appendix A) for a detailed analysis of other impacts of this assumption on creep

closure predictions, from which the information in this section is derived. According to Munson:

The difference between using an artificially large elastic strain to represent the
transient creep strain and using the true transient strain function for a problem with
changing stress fields is that the deformations are forced to earlier times with the
artificially large elastic strain representation. For the same incremental change in stress
the true transient creep strain model will develop strain more slowly than for the
assumed instantaneous elastic strain model. Consequently closures calculated using the
instantaneous elastic step function to represent the transient strain will have a greater
amount of early curvature than those using the true transient response representation.

In contrast, for later times, the overprediction would decrease with time until the step
function response and the correct transient strain function become equal as steady-state creep is

achieved. For very late times, assuming that the choice of the modulus reduction factor (E/12.5)
is correct, the calculated total strains should be about the same for either the step function or the

correct transient creep strain representations. An exception to this equivalency would be if, after

initial stress loading, the stress is reduced, in which case all of the step function elastic strain will
“come back out” of the calculation. For the present, however, the expediency of using the E/12.5
approximation is considered to outweigh the computer time constraints that the more scientifically

based model entails, and thus it remains the basis of disposal room analyses with SANCHO.

3.2 Backfill Creep-Consolidation Model

3.2.1 Model Description

A mathematical model that defines consolidation of two backfill materials, ( 1) pure crushed

salt and (2) 700/0 by weight salt and 30V0 by weight bentonite, is described in this section. These

two materials were the principal backfills proposed for the WIPP prior to 1990. Based on a
comparative study of the performance of both backfills, salt/bentonite has been proposed as the
most desirable material for use in WIPP disposal rooms (Butcher et al., 1991a). Information
relative to the usefulness of other, alternate backfills considered by the Engineered Alternatives
Task Force (EATF) (US DOE, 1991) is not included because the exact nature of these candidates
has yet to be established. The model for only one backfill model is described, because with

suitable redefinition of material constants it can be applied to both salt-based backfill materials.

Like pure solid salt, crushed salt continues to deform under stress with time. Unlike the
deformation of solid salt, which usually is a shearing process that does not alter its density, the
deformation of crushed salt is principally volumetric in nature: the density of granular salt usually
increases during consolidation as salt grains deform to reduce void volume. The essential

requirement for a relationship for backfill consolidation is that the rate of consolidation is
dependent on both the stress in the backfill and its porosity, both of which change with time.

3-3



The model currently used for predicting consolidation of backfill surrounding waste in a
disposal area was based on data from creep consolidation tests by Holcomb and Shields (1987) on
WIPP salt with water added.1 For a constant applied stress, volume histories from these tests were

represented by an empirical equation of the form:

ev = aologlo(t) + c. (3.2.1)

The parameter ev is the volume strain, t is time, and a and c are constants. The volume strain is

defined in terms of density as:

ev = 1 - pJp, (3.2.2)

where PO is the initial density of the material to be consolidated, p is its density at time t, and ev

is considered positive for decreasing volume.z While Equation 3.2.1 is an accurate representation

of salt creep consolidation, a consolidation relationship that ( 1) does not explicitly refer to time;

and (2) is based on the absolute quantity of density rather than volume strain, which refers to an
arbitrary zero state, was considered more desirable for generalized finite-element analysis.

Accordingly, Sjaardema and Krieg (1987) replaced Equation (3.2.1) with the differential equation:

dp/dt = BOe[exp(BIP) - 1]exp(Ap), (3.2.3)

where dp/dt is the derivative of density with respect to time, P is defined as - —1/3 ukk, where

akk is the trace of the crushed salt stress sensor, and A, Bo, and B1 are constants. When gas is
present P represents the stress in the skeleton. The value of one is subtracted from the

exponential term in this equation to assure a correct limit of zero consolidation rate when the
pressure becomes zero. Sjaardema and Krieg applied linear regression procedures to the available
data on WIPP salt, calculated constants for Equation (3.2.3), and found that the coefficients of

correlation for each of the regression analyses were greater than 0.999. This observation suggested
that the new equation was an accurate approximation of Equation (3.2. 1). If the density in
Equation (3.2.3) becomes equal to the theoretical solid density for salt, all voids are eliminated,
and the backfill is assumed to continue to deform according to the salt-creep model described in

Section 3.1.

Equation (3.2.3) is the volumetric creep consolidation model used in both SANCHO and

SPECTROM-32. Values for Bo, Bl, and A for pure crushed salt and salt/bentonite are listed in
Table 3-1 (Pfeifle, 1991; Pfeifle and Brodsky, 1991) and apply to any backfill with a grain size

distribution approximately the same as mine-run WIPP salt (Pfeifle, 1987a; Pfeifle, 1987 b). MX-

80 Granular Volclay bentonite produced by the American Colloid Company was the bentonite used
in the salt/bentonite consolidation tests (Pfeifle, 1987a; Pfeifle, 1987 b).

3.2.2 Discussion of the Model

Because Equation 3.2.3 is based entirely on hydrostatic consolidation data, it does not
include the combined effects of hydrostatic and irreversible shear deformation. Consolidation by

1 Water added is defined as salt with at least 0.5 weight percent water.

2 In SPECTROM-32 the volume strain is defined as e, = po/p - 1.
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Table 3-1. Backfill Consolidation Model Parameter Values

Volumetric Creep Consolidation Parameters’

SANCHO1 SPECTROM-32Z

Pure Crushed Salt/ Pure Crushed Salt/
Salt Bentonite Salt Bentonite

A (ms kg-l) -0.0173 -0.0345
BO (kgOm-3 s-l) 1.301oS ]0]021

BI (MPa-l) 0.82 0.6

PO (kg/ms)b 1400 1480

Elastic Constants

SANCHO

-0.0173 -0.0345
1.30]08 ]01021

0.82 0.6
1400 1478

SPECTROM-32

Pure Crushed Salt/
Saltl Bentonite

Pure Crushed Salt/
Salt Bentonite2

K. (Pa) 1408d 1408d 17600 17600
KI (msokg-l) 0.00653 0.00653 0.00653 0.00945
GO (Pa) 864’ 848’ 10600 10600
GI (msokg-l) 0.00653 0.00653 0.00653 0.00945

Deviatoric Creep Consolidation Parameters for Solid Halite

SANCHO1 SPECTROM-32Z

Pure Crushed Pure Crushed

Salt Salt

A= (Pa-q.g/s) 5.79010-3’3 t
4.9 Munson-Dawson creep parameters

&RT 20.13 J

a. dp/dt = BO [exp(BIP) - 1]exp(AP).
b. the solid density of halite was 2141 kg/m3; the solid density of bentonite was 2700 (kg/mS).
c. K = KO exp(KIOp), G = GO exp(Glop).

d. These values are Sjaardema and Krieg’s values divided by 12.5.

e. Sjaardema and Krieg’s shear value divided by 12.5 is 848. The source of the 864 value is
unknown.

1. References: Sjaardema and Krieg, 1987; Weatherby, May 17, 1989, memo in Appendix A;
Weatherby et al., 1991a.

2. Reference: Callahan and DeVries, 1991.

3. Reference: Ibid. Table 2-1, and assuming a Tresca flow condition.
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shearing will occur in the disposal room backfill because of the three-dimensional stress state
existing within the repository. The reason for not prescribing a more general model at this time
was that (1) sufficient data to determine the effect of shear on consolidation rates are not

available, and (2) a validated generalized mathematical description that couples hydrostatic and

deviatoric stress components does not exist at present, nor is the theoretical framework for such a
generalized model likely to be available within the next few years.

However, a justification for ignoring shearing stress in the backfill consolidation model can

be made from experimental observations. Consolidation data for many granular materials, as

reported in the soil mechanics literature, have established that combinations of deviatoric and
hydrostatic stress cause more rapid consolidation than when consolidation is prescribed as purely

hydrostatic in nature. This response has also been confirmed for pure crushed salt by Zeuch et al.
(1991 ). Zeuch’s shear consolidation tests at constant mean stress on WIPP salt show more rapid

consolidation than under hydrostatic loading. Thus, the omission of the influence of shear stress
in the prescribed model, Equation (3.2.3), simply means that predictions of the time required for
consolidation of salt backfill to a prescribed porosity will always be greater than would actually be

observed in three-dimensional tests in which all three principal stresses were different. Higher
porosity means higher permeability, and if performance can be demonstrated under these
conditions, actual performance is concluded to be even better.

An interesting contradiction to this discussion is that, although the effects of shear stress

have been circumvented in development of the backfill consolidation model, the deviatoric
response of the backfill must be prescribed in both SANCHO and SPECTROM-32 to conform to

their computational method and get them to run. Thus, while sufficient data to support the

deviatoric part of the consolidation model are not available, assumptions were necessary to obtain

solutions. Quite different deviatoric responses were prescribed for each code, as described in
Appendix B. In support of this procedure, computational results, described later in the report,
will show that backfill consolidation solutions from both codes are remarkably similar and suggest

that closure is very rapid. This observation implies that the different assumptions used for
deviatoric backfill response did not have much effect on the results. From an intuitive
perspective, the immediate consequence of using only hydrostatic data to construct the prescribed
WIPP backfill model for salt is that the predicted time for closure to a specified porosity is

expected to be an upper bound to actual response. Therefore, the implication is that if compliance

can be demonstrated using this simple model, the actual performance of the backfill is likely to be
even better.

The effect of the voids within salt backfill filling up with brine and how this might alter

the rate of consolidation are other factors that must be considered. In general, resolution of
saturation effects requires understanding of how fluid flow through the backfill alters pore
pressure. However, Zeuch et al. ( 1991) also showed that for the extreme condition where
saturated test samples were allowed to drain during consolidation, the measured consolidation rates
were more rapid than for equivalent unsaturated conditions. Thus, the hydrostatic model of

consolidation is again a bounding case of anticipated response because it predicts the slowest
response. Further, the actual amount of water present in the backfill can be assumed to have little

effect on consolidation, once corrections for pore pressure using the concept of equivalent stress
have been applied.

A final comment about the model is that theoretically a granular salt mixture will eventually
consolidate to solid density, given enough time. However, the mathematical consolidation model
described in this section is not considered valid when the porosity of the salt falls below 5%
because consolidation at such low porosities is controlled by different mechanisms than are active
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at higher porosities. This limitation is not of concern because at porosities less than 50/0 the

permeability of the salt backfill is near the permeability of intact salt and therefore is low enough
to prevent substantial brine flow through the backfill.

3.2.3 An Alternate Form of the Consolidation Relation

Although the relationship between density and pressure in Equation (3.2.3) is the primary
relationship used to describe the creep consolidation of backfill materials in SANCHO and

SPECTROM-32, Zeuch et al. (1985) have shown that the physical interpretation of volumetric
creep is clearer by rewriting the equation in terms of fractional densities and volumetric strain
rates. This representation will be used to show how well the model represents experimental
results. The current fractional density of the consolidating salt is defined as its current dry density

divided by the density it would have if all voids were eliminated (i.e., the crystalline density of
the dry mixture).s

f = ~/l%olid. (3.2.4)

The definition of f is on a dry mixture basis, even though water or gas may exist within the

voids. This convention is adopted because fluids within the voids can eventually be reduced as

additional consolidation causes fluid flow out of the WIPP disposal rooms. In contrast, any

definition that includes the presence of the fluids would also require the implicit assumption that
no fluid motion would occur in order for a unique mathematical solution to exist under prevailing

constitutive model assumptions. Another useful simplification in computing values for f is the

assumption that the crystalline density is independent of mean stress and therefore can be
represented by the density of the unstressed backfill material. This assumption is reasonable

because the solid phases in the backfill are so incompressible relative to the large changes in
volume that occur during consolidation.

Using this transformation, Equation (3.2.3) becomes an approximately linear relationship

between Loglo(ev) and f that can be used to examine the consistency of the empirical model with
the data the data are plotted in a semi-logarithmic plot to see how closely they define a straight
line as predicted by the model (Figure 3-1) (Brodsky and Pfeifle, 1992).

To show this relationship, Sjaardema and Krieg’s model (1987),

dev/dt = po/pzO{dp/dt) = po/p2”Bo”[exp(B1p) - 1lw(AO~), (3.2.5)

is used to obtain

dev/dt = (BOO~~)/(f”~~olid)2 [exp(Bl”P) - ] ]eXp(AOf”~,Olid). (3.2.6)

Taking the logarithm to the base 10 of both sides (base 10 is used for plotting convenience),
the expression for the volumetric strain rate is then

Loglo(dev/dt) = Cl + C2”f, (3.2.7)

3 The dry crystalline density of pure crushed salt is assumed to be 2140 kg/ins (Holcomb and
Shields, 1987); the dry crystalline density of a mixture of 300/0 by weight bentonite and 70% by
weight pure crushed salt is 2280 kg/ins, using a value of 2700 kg/m3 for the theoretical solid
density of bentonite (Pusch, 1980).
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Figure 3-1. The relationship between plots of the Loglo volumetric strain rate versus
fractional density for WIPP test sample CS-8 containing 70 wt”io salt/30 wt”jo
bentonite and predictions using the Sjaardema and Krieg (1987) model with
parameters determined by Brodsky and Pfeifle (after Brodsky and Pfeifle, 1992).
The fact that the constitutive model predictions lie below the experimental data

in this figure is fortuitous and should not be interpreted as evidence of
conservatism of the model. Other examples exist where the model predictions lie
above the data.
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with

Cl = LoglO((BOO~O)/(fO~~Olid)z● [exp (Bl ● P) - 1]) (3.2.8)

and

C2 = A_~~O1i~/lOg~(10). (3.2.9)

While ,C2 is a constant, the term Cl varies with f because it contains the factor fz. However,

in comparison to the changes in magnitude of the term C2ef, the variation in value of Cl over the
usual range of f, (0.6 < f < 1), is small enough that for many conditions its change can be ignored,

and the linear relationship is preserved.

The two typical experimental histories for the consolidation data for salt/bentonite backfill
under constant pressure (Brodsky and Pfeifle, 1992) plotted in Figure 3-1 illustrate the linearity
that is expected in salt/bentonite backfill consolidation data according to Equation (3.2.7). The

observation that the experimental curve for an applied pressure of 3.45 MPa does not superimpose
the model prediction is attributed to uncertainty in the stress dependence for consolidation, the

term exp(BIOP) in Equation (3.2.6). While these comparisons do not include all the data that are
available, they show that, on the average, the model is reasonable, at least in terms of its linearity
with regard to f at constant stress.

Comparisons such as are illustrated in Figure 3-1 are made using the original model
constants, even if their representation of the data is imperfect. The reason for retention of the
original constants is that frequent alteration of the model constants would make comparison of the

results of ongoing calculations exceedingly difficult. Updating the material constants is planned
only if new data differ significantly from the model, which has not been the case so far, or if a
more accurate description is required for performance assessment, which currently does not appear
to be necessary.

3.2.3.1 CRUSHED SALT BACKFILLMIXTURES

Equation (3.2.5) has also been used to examine the consolidation of dilute mixtures of non-

deforming materials. The objective of this task was to determine how additives to the backfill

might change its time-dependent consolidation response. Additives could be (1) materials to limit

the amount of gas in the disposal room or (2) shredded metal waste mixed with crushed salt to

reduce void volume. Shredding hard-to-deform geometrical shapes of metal waste and embedding
the pieces in a deformable medium such as salt is of interest because consolidation would be much
more complete than for unprocessed metal waste.

For two non-interacting components, Equation (3.2.5) becomes (Callahan and DeVries, 1991)

dev/dt = PO m,/p2,”Bo”[exp( Blp) - 1lwiAO~) (3.2.10)

where PO is now the initial density of the mixture, dev/dt is the volume strain or compaction rate,
and m~ is the mass fraction of the crushed salt. Olsson (November 7, 1991, memo in Appendix A)

recently compared estimates using this equation with experimental results for a mixture of steel
disks mixed with crushed salt. Test results showed that for mass fractions of steel of 0.44 (solid

volume fraction of O.18), the linearity of the variation of the compaction rates with fractional
density was fairly represented. However, the observed volume strain rates at any given fractional
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density were two orders of magnitude less than the predicted rates at equivalent pressures. Thus,

mixture theory, as applied here, is inadequate for mixes containing nearly 2090 by volume of an
incompressible additive, but this conclusion does not rule out its application to more dilute
mixtures.

3.2.4 Backfill Constitutive Equations

The elastic response of the consolidating medium and how it creeps under deviatoric stresses
must also be specified to complete the mechanical constitutive equation. The full set of
constitutive equations used in SANCHO for backfill consolidation is described in Appendix B, as
is some of the basis for the constitutive equations for SPECTROM-32. Material constants for the
respective constitutive equations are summarized in Table 3-1. Studies have shown that the exact

method of specification of the elastic response of the various types of backfills and the values used
have little influence on compaction predictions (Weatherby and Brown, April 30, 1990, memo in

Appendix A; Weatherby et al., 1991a). Therefore, the reader is referred to the documentation of

the various models (Callahan and DeVries, 1991; Sjaardema and Krieg, 1987; Weatherby et al.,
1991a) for more detail about how elastic constant values were estimated.

3.3 Waste Compaction

3.3.1 Model Requirements

Mathematical models of the consolidation of unprocessed CH TRU waste are described in

this section. These models were developed by acquiring experimental data from tests in which
simulated TRU waste samples were compacted under axial compressive stress within rigid steel
dies. Test results were then used to define the composite compaction response of each of the three
major types of waste: combustibles, metals, and sludges. Further combination in accordance with
the relative amounts of each type of waste in the repository inventory produced an estimated
composite compaction curve for the repository.

Compaction curves for the waste are required because the waste compacts with time as the
room volume decreases and the waste containers collapse. Most of the unprocessed waste materials

have high initial porosities (or void volumes). As compaction proceeds, the reduced porosity of
the waste is required to determine decreases in permeability of the waste. In turn, these factors

help determine rates of brine transport throughout the disposal room. The porosity of the waste at

a given time also determines the amount of soluble radionuclides contained in brine-filled voids
within the waste.

3.3.2 Approach

The approach used in compaction model development was based on several considerations.
First, simulated waste was used because of the difficulties inherent in working with real
(radioactive) waste. This approach was justified because the mechanical response of the waste

depends entirely on its nonradioactive constituents, such as plastics, cloth, sorbents, etc. The
presence of trace radioactive elements has no effect on compaction.
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Second, assembly of samples that exactly duplicated (are “representative” of) real waste was
considered impossible because of the compositional variability of TRU waste. The alternative was
to adopt the composition of real waste (Butcher, 1989) based on an earlier study by Clements and
Kudera (1985) of CH TRU waste drums from the Idaho National Engineering Laboratory (INEL),

determine the compaction characteristics of simulations of each of these individual components,
and then compute their combined response using simple mixture theory (i.e., the assumption is

that, given the composition of a waste form such as combustible waste, its compaction as a
mixture can be defined from knowledge of the compatibility of its components). An additional
advantage of the synthesis approach since much of the waste has yet to be generated, is that future

changes in waste composition can be accommodated by simple recalculation. This iterative process
is applicable not only for the individual types of waste, but also for all the waste in the repository,

and can be used to correct for changes caused by updated inventories.

Compaction curves for different waste types were derived from the curves of the individual
waste components (Butcher et al., 1991 b). In this process, the initial components for testing were

defined from limited knowledge of the waste. Materials such as polyethylene and polyvinyl

chloride plastics, wood cubes, mixtures of wood cubes and rags, Oil-Dri, vermiculite, portland
cement, and mixtures of steel, copper, lead, and aluminum scrap were included. The information
from these tests was then used to construct compaction relationships for five dominant waste
components:

● plastics,
● cellulosics: paper, cloth, wood, etc.,
● sorbents,
● metals and metal components,
● sludge.

Tests conducted on actual mixtures of each type of waste were found to compare favorably with

the estimated consolidation derived from combination of the consolidation properties of individual
components.

An additional step in the testing program was to axially compact full-sized 55-gallon drums

of simulated combustible, metallic, and sludge waste mixtures (Butcher et al., 1991 b). These

results served to provide ( 1) data that could be directly applied to room consolidation and (2) a

check of the composite relationships obtained using the properties of individual waste components
in a given waste category. Upon reconciliation of these results, compaction relations for

combustible, metallic, and sludge waste were constructed, and these in turn combined to estimate
an inventory average waste response. These curves are shown in Figure 3-2 and are tabulated in

Table 3-2 (Butcher et al., 1991 b). An assumption in acquiring data for these calculations was that
waste in the form of hard building materials such as bricks or cinder blocks represented a very

small portion of the inventory. Additional work will be required if the type of waste to be stored

in the repository includes increased amounts of contaminated building materials and scrap metal

produced from decommissioning and facility dismantling programs.

3.3.3 Method of Estimating Composite Compaction Curves

The state of compaction of the waste at a given stress is obtained by computing the total
volumes and void volumes of the individual waste components and adding them together (Butcher
et al., 1991 b). Assuming that WI, W2, wi (i = 1 to n) are the weight fractions of the n waste

components in a given waste category, and PI, P2, pi (i = 1 to n) are the respective densities of the
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Table 3-2. TRU Simulated Waste Compaction Curves (Butcher et al., 1991b)

Stress Average Metallic Combustible Sludge
(MPa) Repository Waste Waste Waste

Porosity Porosity Porosity Porosity

0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
3.2
3.4

;:;
4.0
4.2
4.4
4.6
4.8
5.0
5.2
5.4
5.6
5.8
6.0
6.2
6.4
6.6
6.8
7.0
7.2
7.4
7.6

;::

0.765
0.722
0.696
0.672
0.649
0.628
0.607
0.588
0.570
0.553
0.538
0.525
0.512
0.499
0.488
0.477
0.467
0.457
0.447
0.438
0.429
0.421
0.412
0.404
0.397
0.390
0.383
0.376
0.370
0.363
0.357
0.351
0.345
0.339
0.334
0.328
0.323
0.318
0.313

0.805
0.783
0.768
0.755
0.741
0.729
0.717
0.706
0.696
0.687
0.678
0.670
0.662
0.655
0.649
0.642
0.636
0.630
0.624
0.618
0.612
0.607
0.602
0.596
0.591
0.586
0.581
0.576
0.572
0.567
0.562
0.558
0.553
0.549
0.544
0.540
0.535
0.531
0.527

0.830
0.801
0.776
0.752
0.729
0.706
0.683
0.661
0.640
0.620
0.602
0.584
0.567
0.552
0.536
0.522
0.508
0.494
0.482
0.469
0.457
0.446
0.435
0.424
0.414
0.404
0.394
0.385
0.376
0.367
0.358
0.350
0.342
0.334
0.326
0.319
0.312
0.305
0.298

0.549
0.410
0.394
0.377
0.363
0.350
0.338
0.328
0.318
0.310
0.302
0.296
0.289
0.284
0.278
0.273
0.268
0.263
0.258
0.253
0.247
0.243
0.237
0.231
0.228
0.224
0.221
0.217
0.214
0.211
0.208
0.204
0.201
0.198
0.195
0.192
0.190
0.187
0.184
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Table 3-2. TRU Simulated Waste Compaction Curves (continued)

Stress Average Metallic Combustible Sludge
(MPa) Repository Waste Waste Waste

Porosity Porosity Porosity Porosity

8.2
8.4

::;
9.0
9.2
9.4
9.6
9.8

10.0
10.2
10.4
10.6
10.8
11.0
11.2
11.4
11.6
11.8
12.0
12.2
12.4
12.6
12.8
13.0
13.2
13.4
13.6
13.8
14.0
14.2
14.4
14.6
14.8

0.308
0.303
0.298
0.293
0.289
0.284
0.280
0.276
0.272
0.267
0.263
0.259
0.255
0.252
0.248
0.244
0.241
0.237
0.233
0.230
0.226
0.223
0.220
0.216
0.213
0.210
0.207
0.204
0.201
0.198
0.195
0.192
0.189
0.186

0.523
0.518
0.514
0.510
0.506
0.502
0.498
0.494
0.490
0.486
0.482
0.478
0.475
0.471
0.467
0.463
0.459
0.456
0.452
0.448
0.445
0.441
0.438
0.434
0.430
0.427
0.423
0.420
0.417
0.413
0.410
0.406
0.403
0.399

0.291
0.285
0.278
0.272
0.266
0.260
0.254
0.249
0.243
0.238
0.232
0.227
0.222
0.217
0.212
0.208
0.203
0.198
0.194
0.190
0.185
0.181
0.177
0.173
0.169
0.165
0.162
0.158
0.154
0.151
0.147
0.144
0.140
0.137

0.181
0.179
0.176
0.174
0.171
0.169
0.167
0.164
0.162
0.160
0.157
0.155
0.153
0.151
0.149
0.147
0.145
0.143
0.141
0.139
0.137
0.135
0.133
0.131
0.129
0.128
0.126
0.124
0.122
0.120
0.118
0.117
0.115
0.113

3-14



waste at the assumed stress, the volume of each component per unit weight of the mixture is its
weight fraction divided by its density, ~i:

Vi = Wj/~j. (3.3.1)

Weight fractions were 0.28 for combustible waste, 0.28 for metallic waste, and 0.44 for sludge
(Butcher. et al., 1991). The total volume of all the components per unit weight of the mixture is

n n
V = E Vi = XWi/~i,

i=l i-l
(3.3.2)

and the average density of the mixture is p = I/V. The porosity of the mixture is (1 - P/P8),

where p~ is the theoretical solid density of the mixture. (This procedure was also used to estimate
p,, the composite solid density of a mixture from the theoretical solid densities of its components.)

3.3.4 Compaction Models

The compaction behavior of waste is represented in SANCHO by a volumetric plasticity
model with a piecewise linear function defining the relationship between the mean stress,A , am,

and the volume strain ev (Weatherby et al., 1991a). This relationship, described further in

Appendix C, is related to the repository compaction axial stress Ua curve shown in Figure 3-3,

according to am = us/3. Although the deviatoric response of the waste has not been characterized,
the compaction experiments on 55-gallon drums of simulated combustible, metallic, and sludge
waste showed that the drums do not undergo significant lateral expansion until most of the void

space inside the drums has been eliminated (Butcher et al., 1991 b), i.e., the thin steel walls of the
drums have sufficient strength to elastically confine the waste. The constants in the volumetric

plasticity model were defined to capture this anticipated characteristic. The deviatoric yield
function F has the form

F=ud-3u~ =0, (3.3.3)

where ud = (3/2 Sij Sij)l/z$ with Sij the deviatoric stress components. The deviatoric response was

assumed to be elastic-perfectly plastic. Values assumed for the elastic shear modulus and elastic

bulk modulus were 222 and 333 MPa, which were much larger (stiffer) than would be computed

from the instantaneous slopes of the curve shown in Figure 3-3.

The stress-strain behavior of the waste is represented in SPECTROM-32 by a nonlinear
elastic model, also based on the assumption that u~ = us/3 (Callahan and DeVries, 1991). The

nonlinear representation of waste consolidation is described in Appendix C (RE/SPEC Waste
Model). The mean stress assumption in SPECTROM-32, like the SANCHO assumption, is also
related to observations of the lateral expansion of 55-gallon drums of simulated combustible and
metallic waste that occurred during compaction. In contrast, if we assume that the waste during

compaction was actually under a hydrostatic state of stress, then Ur and ad would equal Ua, and a=

4 For principal stresses al, U2, and U3, or a,, ad, and u,, the mean stress am = (01 + uz + @/3
or (u, + ad + uZ)/3.
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. Um. Callahan and DeVries recognized that neither assumption was correct and chose the u, =
3um assumption because it provided the less stiff representation of the TRU waste (Callahan and
DeVries, 1991). They felt that the less stiff representation was more conservative because it
provided less resistance to room closure and lower back pressure on the surrounding backfill and

increased the time required to obtain lower porosities in the backfill surrounding the waste.
However, upon additional review, this assumption was not considered valid because the slowest,

not the fastest, closure is of interest for evaluating disposal room performance. More recently, the
influence of the Ua = 3um assumption became evident during efforts to reconcile the SPECTROM-
32 predictions for closure of a disposal room containing waste and crushed-salt backfill
consolidation with SANCHO predictions. Accordingly, closure calculations were repeated using
the u. = am assumption. These results, described in Section 5.1.3, were found to be much closer

to the expected response.

The functional form actually used for describing compaction was

(3.3.4)

where @ is the porosity, defined as @ = 1 - p/pf, with p the current density and pf the final or

theoretical solid density, 40 the initial porosity, and x a material parameter. Elastic constants were
derived directly from this relationship. The compaction curves used in SPECTROM-32 (Callahan

and DeVries, 1991) are shown in Figure 3-4. The curve labeled “series, ” representing elements of
the various waste components in series (the same consolidation load acting on each component),

appeared intuitively to be more representative of actual compaction conditions and was selected
for use. The parallel curve represents elements in parallel (with varying loads applied to each
waste component according to its portion of the inventory).

3.4 Disturbed Rock Zone Effects

The presence of a disturbed rock zone (DRZ) has been reported near and around WIPP

excavations. As mining of the Salado proceeds, halite near the excavation cracks and dilates
(increases in total volume) during deformation into the excavated cavities. Much of the dilation is

attributed to grain boundary loosening accompanied by the formation of microfractures. As
deformations continue, however, larger fractures can form at stratigraphic interface separations.
The dilation produced by these processes creates a region of enhanced porosity, permeability, and

interconnectivity that decreases with distance from the excavation (Stormont, 1990).

A mechanical fluid-flow model of the DRZ has been reported by Stormont (1990) but has

not been included as part of disposal room closure analyses. From experimental studies, the
following relationships for describing the permeability and the porosity inside the DRZ of an

approximately circular excavation have been proposed:

K = Kfeexp(-D(Z-r)), (3.4.1)

where

r radial distance from center of the room,
Z ~ DRZ outer radius,
K = permeability at r,
Kf = far-field permeability (at Z),
D = damage coefficient (a constant).
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At a given time, the damage coefficient D in Equation (3.4.1) is determined from the
permeability at the surface of the circular excavation where r=ro, the extent of the DRZ (Z), and
the permeability of the far field. The porosity distribution in the DRZ is determined from the
variation in permeability:

r#J= r#p(K/Kf)U3, (3.4.2)

where

@ = porosity,
df = far-field porosity at Z.

The DRZ issues of relevance for the disposal room models are related to brine inflow, gas

storage, fluid permeability, and room consolidation. To date, the geomechanical models used in
room closure analyses do not specifically include any of the DRZ structure because of the

expectation that the cracks existing in the DRZ will rapidly close and heal as consolidation
proceeds, returning the zone to its original state. This assumption is supported by microcrack

healing studies on the WIPP salt (Brodsky, 1990). The rapid healing of the DRZ is also supported

by observation that the DRZ is not likely to be any more porous or permeable than crushed salt

backfill. Crushed salt backfill consolidates rapidly, as discussed in Section 4.1.2, and in fact,
Equation (3.4.2) could be coupled with the salt backfill model (Section 3.2) to provide first

approximations of early healing as a function of time. Whether the salt totally or only partially

heals is important with regard to gas migration. If only partially healed, the DRZ may allow the

pressurization of pre-existing closed fractures in nonhalite interbeds and marker beds within the
DRZ, as discussed in Section 3.7.

Another DRZ issue is whether its extent is independent of time, once formed, or whether it
is dynamic and expanding in thickness. If it is expanding, then both K, Z, and D in Equation

(3.4. 1) would indirectly become functions of time. Equation (3.4.2) then becomes a much more

complicated description of how the rate of growth alters healing processes, and how, in turn, both
these processes are related to the presence of either brine or gas as a function of time. These

issues also relate to questions of (1) whether brine inflow into the room is a consequence of
dewatering occurring within the DRZ, (2) how much gas can be stored in the DRZ, (3) the extent
that a component of fluid flow through the repository may eventually occur in the DRZ, and (4)
what effect the DRZ presence has on seals placed to limit such flow.

To summarize, past analyses of closure assumed that the DRZ is static and heals rapidly.

On this basis, the DRZ is expected to have at most a transient impact on the disposal room
behavior, which can be ignored.

3.5 A Model for Gas Generation

Gas produced by decomposition of cellulosic waste, corrosion of metals, or radiolysis of
TRU waste has always been a subject of interest to the WIPP Project (Lappin et al., 1989, Sec.
4.2). The presence of gas is beneficial in the sense that gas occupies void volume that would

otherwise be eventually filled with brine. However, in the opposite sense, gas pressurization could
force flow of radioactive brine out of the repository, it could inhibit closure, it could open pre-
existing fractures and provide paths of easy transport away from the repository, and VOCS could
also become entrained in gas and escape from the repository.
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Not including dissolved gas in the formation brine and gas already present in the waste, the
three major sources of gas within the repository are:

1. From anoxic metallic corrosion of drums, metal boxes, and metallic constituents of
the waste. These reactions require water and produce large amounts of hydrogen
gas. Water availability in the form of brine (brine availability) determines whether
these reactions can occur and their rates. Laboratory tests show, for example, that
the rate of corrosion of metal waste immersed in brine is orders of magnitude faster
than the rate of corrosion of metals exposed to water vapor (WIPP Performance
Assessment Division, 1991a, Sec. 3.3).

2. From microbial activity, either aerobic or anaerobic, halophilic or nonhalophilic,
consuming cellulosic and other waste materials. Reactions produce carbon dioxide,
and perhaps hydrogen sulfide, methane and nitrogen. Whether these reactions
produce or consume water is not presently established.

3. From radiolysis, which produces oxygen and hydrogen. Gas production from
radiolysis is expected to be negligible, in comparison to the potential amount of gas
produced from decomposition and corrosion.

Gas generation is important because it can inhibit closure and therefore increase the
permeability of the backfill, waste, and near-field Salado Formation.

Estimation of the types and amounts of gases produced within the repository is extremely
complex. Gas generation depends on (1) the type of waste, (2) the amount of brine in contact
with the waste, including capillarity/wicking effects, (3) the amount of waste exposed to humid

gas, and (4) the composition of the gas already in the room. Both the SANCHO and SPECTROM-

32 codes contain modules used to compute gas generation for a prescribed distribution of brine,
but they lack the capability to directly couple gas pressurization to brine availability (i.e., the
balance between brine flow into the repository and brine consumption by the chemical reactions).
Further discussion of closure-brine flow-gas pressurization coupling will be deferred until Section
6.2.

Gas pressure in the SANCHO and SPECTROM-32 modules is determined by coupling a gas
generation description to the ideal gas law. Thus, by defining how much gas has been produced,

the gas pressure at any time can be estimated by

P = nRT/V, (3.5.1)

where

P = pressure (Pa),
n = gram moles of gas,
V = gas storage volume (m3),
T = temperature (degrees kelvin),
R = universal gas constant (8.23 ms@Pa/(gram molesedegrees kelvin).

The gas storage volume is defined as the void volume within the room, DRZ, and interbeds,
which is easily accessible to the gas, or the void volumes of each of these regions considered

independently. Gas-generation rates are embedded in n, which represents the amount of gas

contained in the void volume region:

Jtn = f.d. ~ dn/dt dt,
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where:

f = waste generating fraction (O to 1),
d = number of drums,

dn/dt = gas generation rate,
t = time.

The scaling fraction f is included in Equation (3.5.2) for convenience in varying gas

generation rates from the maximum values expected for completely inundated (submerged with
brine) conditions. Maximum rates for most of the cases studied were the values suggested in

Lappin et. al. (1989) of 2.66 g-moles/drum/year for the first 500 years and 0.86 g-
moles/drum/year for 500-700 years. After 700 years, all gas production is assumed to cease.

These rates are based on the assumption that the supply of brine in intimate contact with the
waste is unlimited, a condition that will be discussed in more detail in Section 6.2. A value of f =

1 indicates that the maximum rates apply: lesser rates or leakage over the period of gas
production are simulated by choosing f < 1. The duration of gas production is controlled by
varying the value of t and altering the values assumed for dn/dt. The model presented in this
section is simple in comparison to the complexity of the gas generation problem, but it is

considered to capture the essential features of the effects of gas generation on closure. Further

discussion of this topic is deferred to Section 6.2.

3.6 Fractures

3.6.1 Gas Pressurization

The rate of closure of a disposal room will decrease when the combined backstress exerted

by waste and pore pressure becomes large enough to oppose stresses causing salt creep. As the gas
pressure in the room rises, the pressure of the gas may actually increase above Iithostatic. If

pressures above Iithostatic do occur, additional gas storage volume will eventually be created.

Calculations of the effect of gas on room closure (e.g., Section 5.1.4), for the assumption of
a perfectly sealed room, show that the onset of generation of additional volume by expansion of

the room actually begins at pressures well below lithostatic. For example, for the case of

maximum gas potential (e.g., Section 3.5), the curve in Figure 5-9 that represents the void fraction

history of a perfectly sealed room shows that the void fraction decreases to a minimum value

(closure stops and the void volume within the room begins to increase) at about 150 years. The
gas pressure corresponding to this reversal is approximately 10 MPa, well below lithostatic stress of
14.8 MPa.

3.6.1.1 REGULATORY IMPLICATIONS OF GAS GENERATION

The conceptual model of void volume creation or equivalently the question of “where does

the gas go?” is of great interest in regard to the performance of the repository (e.g., Lappin et al.,
1991). In terms of the radioactive standard (40 CFR 191, US EPA, 1985), the issue can be

redefined to whether gas escaping from the repository can accelerate or retard flow of radioactive

brine from the disposal rooms. Gas, by opening fractures or rendering marker beds more
permeable, could create short circuits through which radioactive brine flows. Three factors tend
to moderate this concern:
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1. A gaseous environment may prevent contact of the waste with brine and thus
eliminate the principal mechanism for radionuclide migration: transport of soluble
radionuclides in brine. In fact, the initial presence of gas is beneficial because flow
of radioactive brine is delayed, and any process that postpones brine flow is
beneficial to the performance of the repository.

2. Although gas pressurization may open fractures or enhance porosity and
permeability of interbeds and other features of the stratigraphy, these conduits will
eventually close and be greatly reduced in flow effectiveness if gas leaks away,
pressures drop, and brine flow is re-established. Without the presence of gas, the
fractures are expected to close until mechanical equilibrium is re-established. This
process may even impede future brine flow by partially restoring the formation to
its previous state of impermeability. Recovery is expected to be particularly
effective in salt because of its time-dependent deformation. While the argument is
sometimes made that brine trapped within fractures could hold them open and thus
contribute to enhanced flow, this possibility is discounted because the brine cannot
go anywhere if the formation is in mechanical and fluid flow equilibrium and
therefore enhanced migration of radioactive brine is not possible.

3. Any fracture enhancement of brine migration is likely to occur horizontally rather
than vertically because of the orientation of the stratigraphy and is expected to
reduce the impact the gas may have on the migration of radioactive brine upwards
to the Culebra Formation. Furthermore, horizontal motion of radioactive brine is
of lesser concern than vertical motion, which is the most direct path to the surface
of the earth.

While void volume creation to accommodate gas is expected to have little impact on
repository performance with regard to 40 CFR 191B, it is more important with regard to migration

of hazardous waste, as defined by the RCRA (specifically 40 CFR 268, US EPA, 1987).
Compliance with this standard is necessary because many of the CH TRU wastes planned for

disposal in the WIPP repository are expected to contain small amounts of hazardous components
and therefore are classified as mixed waste. The migration of VOCS is of particular concern. The
nature of pressure induced volume change is important because VOCS are expected to become

entrained in corrosion and/or decompositional gas. Therefore, the burden of performance
assessment with regard to the RCRA is to demonstrate that the rates of release of soluble or

gaseous VOCS beyond the WIPP boundaries are acceptable, and this, in turn, depends on how
much gas moves away from the repository. Thus, compliance with the RCRA requires a credible
answer to the question, “where does the gas go?”

The effects of gas migration must also be considered when addressing compliance with the
National Environmental Policy Act of 1970 (NEPA). NEPA documentation does not focus on

specific regulatory guidelines but involves the use of “best estimate” and “degraded property” sets

of input parameters to investigate repository safety. Safety is defined in terms of health risks.
Gas migration is important to the NEPA to the extent that gas is a vehicle for transporting VOCS

and the small amounts of radon produced by nuclide decay processes.

3.6.2 Fracture Concepts

The discussion in the previous section suggests that investigation of gas-driven fracture
enhancement of the transport of radioactive nuclides and hazardous gases out of the WIPP

repository is necessary to assess compliance with regulatory requirements, especially with regard to
the RCRA. Several mechanics issues apply: ( 1) Is pressurization sufficient to cause fractures to
initiate in the host halite? (2) Is pressurization sufficient to cause fractures to initiate in the
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nonhalite interbed material in the Salado? (3) Will pre-existing fractures, assuming they exist,

dilate and propagate in either halite or nonhalite materials to relieve pressurization?

A simple fracture model has been developed to explore the behavior of fractures in the
Salado and has been applied to two types of response. Case 1 represents an existing (impermeable)
fracture in halite or an interbed extending beyond the DRZ that can open, given sufficient tensile

stress, but is not penetrated by gas in its closed state. Because the portion of the crack beyond the
DRZ is not penetrated by gas, the pore pressure in this region is zero. Thus, the term
“impermeable” is used in the sense that the fracture beyond the DRZ does not transmit gas and

create a gas pore pressure unless stress conditions cause the crack to open. This case is, in fact, a
test of whether new fractures will initiate in the salt, as discussed further in Section 5.1.4.1.

Case 2 represents a (permeable) fracture in a nonhalite interbed or clay seam, or a
discontinuous interface between an interbed or clay seam and halite, where gas can penetrate even
when closed. Diffusion of the gas is defined by relationships derived from two-phase flow

simulation results (e. g., Section 5.2). The term “permeable” is used in the sense that gas can

diffuse along the closed fracture beyond the DRZ.

For the impermeable fracture, gas pressurization does not occur beyond the first one meter

of the fracture layer from the room boundary (the assumed thickness typical of the DRZ) unless
the fracture opens. Fracture opening occurs when stress normal to the fracture layer becomes

tensile. Gas can then enter. For the permeable fracture model, gas can diffuse into the fracture
prior to its opening and, like the impermeable fracture, it too opens if tensile stress is present.
However, the increased pore pressure makes opening of the permeable fracture much easier. Once
the fracture opens, the open part of the fracture is assumed to be at the same pressure as the gas
pressure in the room. This assumption is justified from results of two-phase flow calculations that
show that the pore pressure gradients behind the gas penetration front are small near the room
(Davies, June 26, and October 4, 1990, memos in Appendix A; e.g., Section 5.1 .4.2).

Both horizontally oriented and vertically oriented fractures have been considered for the
impermeable fracture analyses; whereas only the horizontal fracture orientation has been

considered in the permeable fracture problem. In addition, the impermeable fracture model has
been applied using the initial conditions and boundary conditions for a single room in an infinite
array of rooms; whereas the permeable fracture model has been applied to both a single room in
an infinite array and an isolated room boundary.

3.6.3 Fracture Constitutive Models

3.6.3.1 IMPERMEABLE FRACTURES

A simple fracture layer model was developed to simulate the loading introduced by gas
pressure acting on the face of a pre-existing fracture or boundaries of a narrow strip of fracture
material along the centerlines of a cross section of a disposal room (Argiiello et al., 1992). The
fractured material was assumed to be unable to support tensile stresses normal to the plane of the
fracture. The model is uniaxial in nature and, therefore, only suited for analyzing problems
involving layers that run along symmetry planes. Its use is restricted to fractures that run either

in the horizontal direction or in the vertical direction.
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In this simulation, the fracture layer is divided into two segments: one segment, within the

DRZ, is hypothetically connected to the disposal room and permeable to gas flow; the other
segment is initially impermeable to the gas. Within the region that is connected to the disposal
room and permeable to the gas flow, the stress normal to the fracture plane is computed from the
following constitutive relations:

un=u’-pg for N <0, (3.5.3a)

un*= - pg for F >0, (3.5.3b)

where

*

>:
on =
~no =

E=
&n =
Pg =

~nO+ E.&n,

element average of u“ at last time step,
stress normal to fracture layer,
initial normal stress,
Young’s modulus,
normal strain across crack plane,
disposal room pressure.

The sign convention for this analysis was that tensile stresses were positive and the disposal

room pressure was negative. For the fracture segment that is impermeable to the gas, the stress
normal to the fracture plane is computed from

Un = u* for ~<0 (3.6.la)

an=-pg for ti >0. (3.6.lb)

Figure 3-5 illustrates schematically how the constitutive model is defined in both segments
of the fracture layer. The fracture layer model is used in conjunction with a quadrilateral element
integrated with four-point Gauss quadrature, and hence the average stresses in the above equations

refer to the average taken at the four integration points. The stress-strain relations for the axial

stress that acts in the plane of the fracture layer and the shear stress that acts across the fracture
layer were constructed so that the fracture layer had no axial stiffness, with the consequence that

shear distortions of the elements in the fracture layer were minimized. The axial stiffness of the
layer was set to zero so that the layer would not limit the flow of salt toward the storage room.

The specific relationships used to compute the axial stress and shear stress in the permeable and
impermeable regions were

a8=- Pg, (3.6.2a)

= Goy~n,‘an (3.6.2b)

where

us = axial stress,

‘m = shear stress across the fracture layer,
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Figure 3-5. Schematic illustration of the constitutive model for the gas permeable and gas
impermeable segments of the fracture layer (Arguello et al., 1992).
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G = shear modulus,

Ysn = shear strain across the fracture layer.

This model was incorporated into the SANCHO finite-element code.

3.6.3.2 PERMEABLE FRACTURES

The permeable fracture model is a simple extension of the impermeable fracture model.
The same relations are used within the region that is connected to the disposal room and
permeable to the gas flow, but instead of this region being limited to the extent of the DRZ, its
length varies with time. The gas permeable distance is given by the power law

x(t) = 1.14 X1O-6+22, (3.6.3)

where the distance x is measured in meters from the wall face (Figure 3-5) and t is the time in

years. This equation is a fit to the results from an analysis by Davies (1990 memos in Appendix
A), where a two-phase flow simulation was performed for an interbed overlaying a waste disposal
room, as will be described in Section 5.2. Its applicability is limited to distances less than 600 m

from the disposal room.

3.7 Thermal Effects

CH TRU waste does not generate large amounts of heat, and any heat produced is expected
to be rapidly dissipated because of the high thermal conductivity of salt (i.e., localized hot spots
within the repository are not expected). Heat loads from CH TRU waste were not included in the

disposal room models because they were considered too small. The thermal loads imposed by RH
waste are larger, however. Nevertheless, heat loads from RH waste were not included in the
disposal room models because the complexity introduced by inclusion of heat flow in the analysis
did not justify the small increase in closure rate caused by elevated temperatures in the salt. This
assumption is supported by results from exploratory 3-D thermal stress analyses, by Arguello et al.
(1989), which simulated the effects RH TRU canisters emplaced in horizontal unlined boreholes

drilled into the walls of disposal room walls would have on closure. One of Arguello’s conclusions
was that although the temperature of the salt adjacent to the canisters increased by at least 3.5°K

during the 6-year simulation (2.5-year thermal load duration), changes in closure results caused by
thermal effects were almost imperceptible. While a much greater impact of thermal load might
have been observed had the calculations been continued in time, the net result is always an

increase rather than a decrease in the rate of closure. Furthermore, more rapid closure is
considered beneficial to the disposal room performance in terms of 40 CFR 191B because
decreases in permeabilities of the backfill and waste proceed more rapidly. Rapid closure may or
may not be a benefit to disposal room performance for RCRA, depending on whether or not it
helps to isolate the waste from Grine and therefore minimizes gas production. Omission of RH

heating in the disposal room model is justified at present because ( 1) if adequate performance of
the repository can be demonstrated without its consideration, then added complication of including
thermal effects in the analyses can be circumvented, and (2) if thermal effects had been included,
room performance would be even better than current estimates suggest.
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4.0 MODELING ISSUES

4.1 Two-Dimensional Versus Three-Dimensional Modeling

The geometrical configuration of the WIPP is 3-D in nature, particularly with regard to the

limited number of rooms in a panel and the intersections of disposal rooms with access drifts.
While a 3-D finite-element structural analysis of the intersection of a typical disposal room and

access drift at the WIPP has been performed by Arguello (1990), and a 3-D thermal stress analysis
of the effects of heat producing waste on closure is also available (Arguello et al., 1989), almost all
closure analyses for the WIPP must be abstracted to 2-D problems. The 2-D approximation is
necessary because 3-D stress analysis codes are not yet available that can ( 1) utilize the complex

salt creep, backfill consolidation, and waste consolidation deformation models needed for closure
calculations and (2) still generate solutions in reasonable times.

The equivalence between a 3-D structure and a 2-D model is exact for two special cases:

● In plane stress, the configuration consists of a planar plate of small constant thickness
acted on by forces in the plane of the plate only. A state of plane stress parallel to the
xy plane is said to exist if

Uz = o, 7X, = 7ZX = o, 7YZ = 7ZY = o,

where a represents normal stress and 7 represents shearing stress.

● In plane strain, corresponding to a constant thickness section of the configuration in
which zero strain exists in the direction of its thickness. A state of plane strain parallel
to the xy plane is said to exist if

Cz = o, yxB = -fZx=0, yyz=y.y=o

and in-plane stresses UZare independent of z throughout the thickness. The parameter c
represents normal strain and y represents shear strain.

The disposal rooms considered in the numerical calculations described in this report are

approximately 10 meters by 4 meters by 91 meters. The assumption of plane strain is therefore

appropriate for sections of the room perpendicular to its length and located sufficiently close to its
midpoint to minimize room end effects (i.e., the rooms are so long that closure of the cross-

sectional area of the room at its midpoint is not altered by the 3-D structure of access ways or
drifts at its ends). This configuration corresponds to the plane strain configuration, Case 2

described above. Without fully developed 3-D stress analysis codes with fully developed creep and
constitutive models, the exact magnitudes of the deviations caused by ignoring end effects are
difficult to estimate. However, the uncertainty caused by ignoring end effects is considered to be

less than the uncertainty caused by other factors influencing closure, such as gas generation.

4.2 Code Descriptions

Even with the simplification of two-dimensionality, stress analyses of WIPP disposal room
behavior have consistently required the most advanced analysis techniques. As a consequence,

development of new tools, new capabilities, new constitutive equations, and/or new models has

been needed for each new WIPP problem. An additional complication is that experimental

verification of predictions is unlikely because the calculations extrapolate disposal room response
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thousands of years into the future. Assurance that computational results were reasonable is of

utmost concern.

To increase confidence in the numerical disposal room calculations studies, a rec-
ommendation made by the Second WIPP Benchmark Study (Morgan et al., 1981) was adopted. The
Benchmark Study compared results from the solution of standard problems by eight different

stress analysis codes to estimate code-to-code variability. The recommendation was that critical
design calculations should be made with more than one code. Therefore, two different codes with
different code descriptions were used to obtain solutions to many of the problems described in this

report. Results for equivalent problems were then cross-checked and differences used to

troubleshoot inconsistencies and establish meaningful uncertainty limits for closure response. The

two codes were SPECTROM-32, a finite-element code developed at RE/SPEC Inc. (Callahan et
al., 1990) and SANCHO, a finite-element code developed at Sandia National Laboratories (Stone et
al., 1985).

4.2.1 SPECTROM-32 Code Descriptions

The following description is abstracted from the SPECTROM-32 manual (Callahan et al.,
1990). The reader is referred to the manual for more detailed information. SPECTROM-32 is a
specialized finite-element program developed to determine small strain, time-dependent, nonlinear

deformations of rock masses in support of US programs for disposing of waste in geological
formations.

The finite element method used by SPECTROM-32 involves four-, eight-, and nine-
noded isoparametric quadrilateral elements. The program is formulated using the direct
stiffness or displacement method. The basic finite element equations are obtained by
minimizing the potential energy for each element in the discretized structure to obtain a
system of algebraic equations for each element in terms of the nodal displacements for
the element and the applied forces acting on it. The principal of virtual work is also
used to derive the basic equations and illustrate their applicability to any stress-strain
relation. Superposition of the resulting elemental stiffness matrices and elemental load
vectors yields a global system of equations for the entire structure. The resulting set of
linear algebraic equations is then modified to account for specified displacement
boundary conditions.

For problems involving time-dependent deformation, these equations are then solved
using an incremental procedure assuming that the time period considered in the analysis
can be subdivided into small time intervals, such that the stress in any element can be
assumed to be constant over each time step. This assumption allows nonlinear creep
problems to be solved as a successive series of linear problems for each time step by
treating the incremental creep strain, based on the average elemental stress over any time
step, as the initial strain for the time step. Several solution techniques are employed,
with time steps based on convergence and stability criteria. Decreased time steps are
used to increase the accuracy of the results.

Several material models have been incorporated in the code. For disposal room analyses,
these include a creep material model for halite, a backfill creep consolidation model, a nonlinear

elastic model for waste compaction, and other lesser gas and fracture descriptions. Thin elements
are also available to simulate slippage along clay seams and other types of interfaces.

In SPECTROM-32, compressive stress is considered negative, and volume strain c, is
defined as
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c“ = Po/P - 1> (4.2.1)

where p is the current density of a material and P. is its initial density. The current density is
computed from the current volumetric strain, which is defined as the trace of the strain tensor

(i.e., c = c~~).

4.2.2 SANCHO Model Descriptions

The following description is taken from the SANCHO manual (Stone et al., 1985). The
reader is referred to the manual for more detailed information.

SANCHO is a special purpose, finite element program that has been developed to solve
the quasistatic, large deformation (i. e., large strain), inelastic response of two
dimensional solids. The element library is based on a bilinear isoparametric quadrilateral
with a constant bulk strain. The equilibrium solution strategy uses an iterative scheme
designed around a self-adaptive dynamic relaxation algorithm. The iterative scheme is
based on explicit central difference pseudo-time integration with artificial damping.
The code is explicit in nature so that no stiffness matrix is formed or factorized, which
reduces the amount of computer storage necessary for execution.

The SANCHO code has a standard material model interface that is used with a number of
material models incorporated within the code. For disposal room analyses, these include a creep

material model for halite, a backfill creep consolidation model, a volumetric plasticity model (for
waste compaction), and other lesser gas and fracture descriptions. A sliding interface capability is

also available to simulate slippage along clay seams and other types of interfaces. In SANCHO,
compressive stress is considered negative and and volume strain Cv is defined as

c“ = log(p/pJ, (4.2.2)

where p is the current density of a material and POis its initial density.

4.3 Array Rooms— Initial and Boundary Conditions

Figure 2-1 shows the excavated and enclosed areas in the WIPP repository. A WIPP panel

consists of 7 rooms with each room 10 m (33 ft) wide by 4 m (13 ft) high and 91.4 m (300 ft)
long and separated by a salt pillar 30.5 m (100 ft) thick. Because the panel structure consists of a

series of rooms, the usual computational approach is to reduce it to a 2-D configuration by

considering a disposal room in the center of the panel. Plane strain is then evoked by considering

a cross section at the midpoint of a single room in an infinite array of identical rooms, each 10 m
x 4 m separated by 30.5-m thick pillars of salt.

4.3.1 Half-Room Configurations

The array room configuration can be abstracted even further by evoking symmetry
considerations. Figure 4-1 shows a typical half-room finite-element mesh for a
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disposal room, which may contain on the order of 1000 elements.1 In the past, finite-element
problems of this type have required as much as several hundred minutes of CPU time on a
CRAY computer (Stone and Arguello, December 17, 1991, memo in Appendix A). CPU times of
this duration did not permit inclusion of much additional detail in the form of configuration and
model refinements to the problems. However, recent code improvements have greatly reduced

solution CPU times to a more manageable duration. The horizontal limits of the half-room finite-

element mesh are the vertical centerline of the room and the vertical centerline of the adjacent
pillar, corresponding to a total horizontal length of 20.3 m. The vertical planes of symmetry for
the half-room define boundary conditions for the nodes along the left and right edges of the
mesh, which are fixed against horizontal motion.

The vertical limits of the mesh were set far enough from the room to be unaffected by
nonuniform deformations caused by closure. A vertical mesh length of approximately 50 m above

and below the horizontal centerline of the room was found to be adequate. Pressure boundary

conditions were applied to the top and bottom boundaries of the half-room, with values defined
by the computed lithostatic stress at the respective elevations. Often, the Iithostatic pressure was

assumed constant throughout the undeformed configuration, setting normal stresses in the
horizontal, vertical and out-of-plane directions equal to the Iithostatic pressure (14.8 MPa).z The
initial stresses for elements inside the disposal room were set equal to zero.

4.3.2 Quarter-Room Configurations

A quarter-room is sometimes used instead of a half-room to reduce the number of elements

even further. This additional abstraction requires the assumption that regions containing the waste
and backfill are vertically symmetric around a horizontal plane passing through the center of
room. A typical quarter-room mesh is shown in Figure 4-2. While it does not exactly reproduce

the actual asymmetric configuration of the room (waste placed on the floor of the room and
covered with backfill), other simplifying approximations with regard to the room contents3 are
considered to introduce more uncertainties into the results. Quarter-room boundary conditions for
the nodes along the left and right edges of the mesh are that they undergo no horizontal motion,
and the bottom row of nodes representing the horizontal line of symmetry through the mid-point
of the room is also fixed against motion in the vertical direction. The pressure boundary

condition is applied only to the nodes along the top of the mesh.

Discussion of how well predictions from 2-D array rooms are representative of end rooms in

a seven-room panel are deferred to Section 6.3.

1 In contrast, a preliminary analysis of a configuration representing an entire panel of empty
rooms, described in Section 6.3, may require as many as 23,000 elements (Stone and Arguello,
December 17, 1991, memo in Appendix A).

2 The terms “lithostatic stress” and “lithostatic pressure” can be used interchangeably in this
report because creep deformation of the halite has eliminated all stress gradients within the
undisturbed formation, as verified by in situ stress determinations (Wawersik and Stone, 1989).

3 An example is the assumption that amount of each type of waste in the room is exactly
proportional to its representation in the total inventory. This assumption is probably incorrect
because receipt of waste at the WIPP is not likely to be random, with some rooms containing
more of a certain type of waste than others.

4-5



la

I

Plane of Applied
Symm~t~ Overburden

—

n

Plane of
Symmetry

Plane of

T
Symmetry

J

Intact Salt

/

Backfill

T
\

4m
r~

Waste
I

TRI-6346-1 14.5

Figure 4-2. Finite-element mesh used to analyze a quarter-room representation of an empty

disposal room (Weatherby et al., 1991a).

4-6



4.3.3 Other Assumptions

An important assumption for simplifying closure calculations was that closure of the disposal
room is not greatly affected by the gravitational forces acting on the material in the immediate
vicinity of the room. This assumption is supported by early studies showing that the near-field
gravitational forces and the local variation in the initial stress field with depth have little effect on
closure rates. Thus, the near-field gravitational forces and the variation in the initial stress field

were neglected entirely in obtaining the numerical results described in this report.

Another major simplifying assumption for almost all of the calculations was that the

stratigraphy surrounding the disposal room could be ignored and the formation considered all salt

on the basis of the sensitivity analysis performed by Morgan (December 9, 1987, memo in
Appendix A).

4.4 Isolated Room— Initial and Boundary Conditions

While the infinite array of rooms is the easiest to model, closure results from such
calculations are limited to approximations of the response of the center room of the seven-room
panel, where adjacent rooms influence closure. The results are approximations because, while the

seven rooms do interact with each other, it is also likely that seven rooms are too few to deform as
an infinite array of rooms. In addition, the array approximation does not represent the end rooms

of the panel because these rooms have no adjacent rooms on one side of them. The array

approximation is even less valid for other drifts and access ways within the panel because they are
shorter and have numerous intersections that amplify three-dimensionality.

The opposite to an array room is an isolated room, which has no adjacent openings to

influence closure and is a bound to the response of an end room of a panel. In fact, early

calculations to investigate the closure of end panel rooms also addressed isolated rooms because an
isolated-room configuration and an array-room configuration are considered to bracket all possible

2-D closure responses of disposal rooms in a panel.

The 2-D representation of a single isolated room is also a cross section of the room half-way

along its length, to avoid end effects (Morgan, December 9, 1987, memo in Appendix A). A
typical finite-element mesh configuration is similar to either a half- or quarter-room array

configuration. However, in contrast to the array room mesh, the isolated room mesh

configurations were larger because there are no vertical symmetry boundaries corresponding to the
pillar centerline. Scoping studies have shown that the appropriate distances for the boundaries are
100 meters horizontally and 50 meters vertically, to assure that they do not influence closure
during the time period of interest.

The boundary conditions for the isolated room mesh configuration were such that the nodes

along the left and right edges of the mesh were fixed against horizontal motion. Likewise, the

bottom row of nodes was fixed against motion in the vertical direction, and a uniform pressure
condition was applied to the top to reflect the effect of overburden stress. The lithostatic pressure
was assumed constant throughout the undeformed configuration, with normal stresses in the

horizontal, vertical, and out-of -plane directions set equal to the Iithostatic pressure (14.8 MPa).

The assumptions were also made that (1) closure of the isolated disposal room was not
greatly affected by the gravitational forces acting on the material in the immediate vicinity of the
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room, (2) that the stratigraphy could also be ignored, and (3) that the rock surrounding the room
was all salt (Morgan, December 9, 1987, memo in Appendix A).

A discussion of the extent that predictions from a 2-D isolated room are representative of

end rooms in a seven-room panel are deferred to Section 6.3.
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5.0 EXAMPLE PREDICTIONS

5.1 Computational Results

The major objective of numerical predictions of the structural response of a WIPP disposal
room is to define the degree of consolidation of the contents with time. This description must
include the extent that waste and backfill consolidation inhibits the closure process, as well as the
effects of gas generation and/or brine inflow. The products of the model are porosity estimates

that are required for performance assessment calculations because (1) the pore volumes, when
filled with brine, affect the amount of radionuclides in solution, (2) the porosity defines the
permeability of the waste and backfill at any given time and hence strongly influences the rate of
migration of soluble radionuclides to other locations within the repository, and (3) the pore

volumes can act as storage volume for gas.

Development of the numerical methods for addressing the closure part of the disposal room
model has been accomplished in a series of stages (Arguello et al., 1991 ) that became increasingly
more detailed as better material response models and mathematical methods were available. As

mentioned in Section 4.2, a parallel approach involving two different numerical codes was used

because calculations in many cases proved to be much more difficult than anticipated, and
eccentricities of the numerical techniques frequently meant that results in some cases could not be
obtained to satisfy programmatic milestones. The two numerical codes used are the finite-element,

finite-strain code SANCHO (Stone et al., 1985) and the finite-element, small-strain code

SPECTROM-32 (Callahan et al., 1990). Although the codes initially appear to be similar because

they both utilize finite-element techniques to solve stress analysis problems, they are significantly

different in several respects (Butcher et al., 1991a), as will become evident in the following
discussion.

5.1.1 Empty Room Calculations

The simplest closure calculations addressed the creep response of empty rooms in salt over

short periods of simulated closure. These results were used for comparisons with early room

closure measurements that were becoming available from underground tests at the WIPP Site. As
confidence in the numerical predictions increased, calculations were extended to longer times to

investigate the performance of the repository (Ehgartner, 1990; Morgan, June 2, 1987, memo in
Appendix A; e.g., Appendix D, Calculations 1 to 3). Conditions assumed in these calculations are

summarized in Table 5-1; results digitized from the original references are shown in Figure 5-1.

A first estimate for the length of time for room closure was possible from the empty room

closure results by assuming that the backfill and waste within the room would offer no resistance
to closure and would simply collapse to increasingly denser states as the total volume of the room

decreased. Thus, information about the rate that an empty room closed and the amounts and
theoretical solid densities of waste and crushed-salt backfill within the room was sufficient to
compute void fraction (porosity) variation with time (Lappin et al., 1989). Results for void

fractions below about 200/0 were ignored because the assumption of zero backstress was clearly
questionable at such dense states. Definition of the average void fraction (porosity) of the disposal
room contents as a function of time and the relationship between the porosity and permeability
were sufficient to estimate an average permeability for the room contents and to infer rates of

brine flow.
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Table 5-1. Disposal Room Calculations

Number Reference Code Type Stratigraphy Waste
(Appen- Model
dix D) (Figure

3.3-2)

1

2

3

4

5

6

7

8

9

Ehgartner, 1990

Morgan, June 2, 1987
memo in Appendix A

Morgan, December 9,1987
memo in Appendix A

Weatherby, May 17, 1989
memo in Appendix A

Weatherby and Brown,
April 30, 1990 memo in
Appendix A; Weatherby
et al. , 1991a

Weatherby et al.,
1991a

Callahan and DeVries,

1991

Weatherby et al.,

November 14, 1989 memo
in Appendix A

Brown and Weatherby,

SPECTROM-32

SANCHO

SANCHO

SANCHO

SANCHO

SANCHO

SANCHO

SANCHO

SANCHO

Empty room

Empty room

Empty room

Room filled with waste
and backfill

Room filled with
different backfills

Room filled with waste
and different backfills

Room filled with waste
and different backfills

Effect of gas (baseline)

Effect of variable gas

Halite, anhydrite -
and clay seams

All halite

WIPP Reference
Stratigraphy

All halite

All halite

All halite

All halite

All halite

All halite

old

new

new

old

old
September 17, 1990 memo
in Appendix A; Weatherby
et al. , 1991b
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The void fractions of the room contents rather than their porosities were used to summarize

closure results to emphasize that the values represent averages for entire rooms. Thus, the void
fraction is defined as the void volume within a room at a given time divided by its total volume at

that time. Void fractions computed in this manner are, in fact, numerically equal to average

porosities, but their use serves to emphasize the relatively crude nature of the estimates.
Insufficient information existed to compute differences in porosity between the waste and the

backfill from early room-closure results.

Examination of the computational results for empty room closure in Figure 5-1 shows that
closure, according to the SPECTROM-32 calculations, is more rapid than the SANCHO results.
According to the SPECTROM-32 calculations, closure to 10VO of the initial room volume is
virtually complete within 40 years; whereas, according to the SANCHO calculations, closure
requires over 150 years, or a factor of 4 greater. This factor is greater than expected from the

Second WIPP Benchmark Study, which concluded that about a factor of 2 was likely in solutions
of standard problems with 8 different codes (Morgan et al., 1981; Munson and Morgan, 1986).
However, different constitutions models were used in the current study, whereas the Second WIPP
Benchmark Study used identical constitutive models.

The exact source of the discrepancy between empty-room closure predictions is not
apparent, but it must reflect some of the differences between SPECTROM-32 and SANCHO.
Reasons that come immediately to mind are ( 1) SPECTROM-32 is based on small deformation

theory, which may introduce serious errors as closure progresses to the large strains of interest; (2)
the relationship for the creep of solid halite in SANCHO is scaled (E/12.5 assumption) to force
correspondence of estimates with experimental closure data, whereas the creep description in
SPECTROM-32 is more scientifically based. As mentioned in Section 3.1, the Munson-Dawson

model for creep of solid halite is currently not available in SANCHO, and so a direct comparison
with the SPECTROM-32 results is not possible.

Additional insight into resolution of the discrepancy has recently been obtained from
calculations with a new code called SANTOS by Stone and Arguello (April 1, 1992, memo in
Appendix A), which were undertaken to investigate determining the difference between empty-
room closure results computed using small and large deformation formulations. The SANTOS

finite-element code was modified for this study so that it could generate both types of solutions.

In addition, the effects of incorporating contact surfaces to prevent overlapping of the corner

elements of the room configuration were determined. The contact surface feature is important

because once overlapping occurs, as illustrated in Stone and Arguello’s memo (April 1, 1992, memo
in Appendix A), the computational results no longer have any physical meaning.

The best-estimate empty-room closure curve determined by Stone and Arguello, using the

old reference elastic-secondary creep model with a reduced elastic constant E/ 12.5 and assuming
small deformation behavior, is included in Figure 5-1. The corresponding large deformation curve

determined by Stone and Arguello was very similar to the best-estimate curve calculated by
Morgan (June 2, 1987, memo in Appendix A) and therefore was not included in the figure.
Ehgartner’s (1990) SPECTROM-32 curve shown in Figure 5-1 was also obtained using small
deformation behavior. A comparison shows that the SANTOS small deformation prediction for the
time to closure to about 10VOof the initial room volume is only a factor of about 1.25 to 1.3
greater than the SPECTROM-32 solution, rather than the factor of 4 to 5 difference that is
observed between the SPECTROM-32 solution and the best-estimate SANCHO solution. Using
reverse logic, our conclusion is that had SPECTROM-32 been based on large rather than small
deformation behavior, agreement with SANCHO to within a factor of about 1.30 would have been
observed.

5-4



From the discussion of the preceding paragraph, it would appear that the principal source of
the large discrepancy between the SANCHO and SPECTROM-32 curves for empty-room closure
can be attributed to the inadequacies of small deformation theory and that finite-deformation

analyses must be used in the future for closure predictions. The fact that many past calculations
have been performed with small deformation codes does not make these results without value,
however, because they have assisted in conceptual model development.

The factor of 4 to 5 discrepancy in time to close to 109’oof the initial room volume (Figure

5-1) is misleading, however, because the disposal rooms will not be empty but rather will be filled
with waste and backfill. In reality, the room volume that must be eliminated is much smaller than

the entire initial volume of the room. For example, if f, is the initial volume fraction of solids in
the room (f, = Va/VO, where V, is the initial volume of solids at theoretical solid density in the
room and V. is the initial room volume) and @ is the average porosity of the room after some
amount of closure, then the percent of the initial room volume fv corresponding to @ is

fv = f,/(1 - 0)”100 (5.1.1)

Reasonable values for f, are 0.2 to 0.4, corresponding to initial porosities in the room of
between 0.8 and 0.6. Therefore, if the room collapsed to a completely solid state (no voids), @
would be O, and fv would have to decrease from 100% to only 20 to 400/0 (Figure 5-1) rather than

to the O% value required by the empty room calculations to close the room. For 400!0 closure, the
closure time estimated using SANCHO is more like a factor of 2.8 larger than the time predicted
with SPECTROM-32, rather than a factor of 4 to 5 based on complete closure of an empty room.

Even this estimate is larger than it should be because perfect consolidation is assumed.

If, on the other hand, actual consolidation of the room contents greater than a final
equilibrium state of @ = 0.3 never occurs, then fv would have to decrease even less, from 1000/o to
only 30 to 60V0, according to Equation (5.1.1), and the difference between the two code results is a
factor of 2.5 (Figure 5-1) for fv = 60%. In addition, if the estimates had been obtained with a
large deformation version of SPECTROM-32, simple scaling suggests that the differences would
likely have been much less than a factor of 2.5, and would be considered adequate agreement,

Even with the most pessimistic interpretation, empty rooms are predicted to close to less than 10O/o
of their original volume within 150 years.

5.1.2 Backfilled Room Calculations

Both waste and backfill are expected to exert increased backstress as the rooms close.
Therefore, backfill consolidation was the next essential feature of closure introduced into the

disposal room calculations and was based on the Sjaardema-Krieg constitutive model for backfill
(e.g., Section 3.2). The first calculations addressed the closure of cavities completely filled with

crushed salt backfill (Weatherby et al., 1991a; Weatherby and Brown, April 30, 1990, memo in
Appendix A; Callahan and DeVries, 1991; e.g., Appendix D, Calculations 5 and 7) because
compaction data for the waste were not yet available.

The results of pure salt backfill consolidation are shown in Figure 5-2. Although still

atypical of the actual disposal room because wastes were not included, these calculations provided

scoping information about how regions of the repository, such as access ways to the panels, might
close if backfilled. A comparison of the curves from SANCHO and SPECTROM-32 in Figure 5-2
shows that a discrepancy between the two solutions is still present. However, it is not nearly as
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Figure 5-2. Closure of a disposal room completely filled with crushed salt backfill

(Weatherby et al., 1991a; Weatherby and Brown, April 30, 1990, memo in
Appendix A; Callahan and DeVries, 1991).
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pronounced as the discrepancy observed in the empty room results. Another reason for less

difference between the infinitesimal- and finite-strain predictions may be that, with backfill
within the room, less deformation is required to eliminate the void volume within the room.

Backfill calculations were repeated, as data became available, for backfill mixtures of 70
wt~o crushed salt and 30 wt”h bentonite (Weatherby et al., 199 1a; Weatherby and Brown, April 30,

1990, memo in Appendix A; Callahan and DeVries, 1991; e.g., Appendix D, Calculations 5 and 7).
The effect of the bentonite backfill additive (Butcher et al., 1991a) was of particular interest.

These results in Figure 5-3 show that the difference between the SANCHO and SPECTROM-32

curves almost disappeared but that time required for consolidation of salt/bentonite backfill has
become much longer than for pure crushed salt. Closure of rooms completely filled with backfill

occurs on the order of under 40 years for pure crushed-salt backfill, and 4 times longer for
crushed salt/be ntonite backfill. In addition, late time void fractions for salt/bentonite are

somewhat greater than for pure crushed salt. While the greater long-term void fraction of the
salt/bentonite might be perceived as a problem in regard to repository performance, Butcher et al.
(199 1a) have shown that the decrease in consolidation rates caused by addition of bentonite to the

backfill is offset by the fact that less consolidation is required to assure a given state of
permeability in salt/bentonite mixtures: although densification proceeds more slowly, a less dense

final state is required, and the time to reach a given permeability remains relatively constant.

5.1.3 Rooms Filled with Waste and Backfill

The next level of closure analysis detail was to include waste consolidation in the
calculations (no air gap was assumed present). Because the expected design waste was known to
have a very high initial porosity, construction of the first consolidation model was based on the
assumption that the waste exerted little backstress on the surrounding salt until it approached solid
density (Weatherby, May 17, 1989, memo in Appendix A; e.g., Appendix D, Calculation 4). This
relationship is labeled as the “old” SANCHO consolidation curve in Figure 3-3. Later, as

experimental consolidation data for simulated waste became available (Butcher et al., 1991 b), it

became evident that the original model was “too soft,” and it was replaced by the “new”
consolidation curve, also shown in Figure 3-3.

All SANCHO calculations after and including the results described by Weatherby et al.
(1991a; e.g., Appendix D, Calculation 6), Figures 5-4 and 5-7, were obtained using the new

consolidation curve. All SPECTROM-32 results after and including the results described by

Callahan and DeVries (1991; e.g., Appendix D, Calculation 7), Figures 5-5, 5-6, and 5-8, were

also obtained using a similar curve, although the method of incorporating it in SPECTROM-32
differed from the way in which consolidation data were incorporated in SANCHO (e.g., Section
3.3). Gas generation was assumed to be zero for all calculations.

Several conclusions are evident from the closure estimates for rooms filled with waste and

backfill (Figures 5-4 to 5-8). First, it is apparent that the backfill consolidates much more rapidly
than the waste and eventually reaches a much lower value of void volume than the waste. Figure

5-4 shows, for example, that pure, crushed-salt backfill, according to the SANCHO prediction, has
consolidated to a void fraction of less than 10“fo in fewer than 40 years, in agreement with the
backfill consolidation results described in Section 5.1.2. Similar SANCHO calculations for

crushed -salt/ bentonite backfill predict somewhat longer backfill consolidation times. The

SANCHO backfill consolidation curves are quite similar to SPECTROM-32 results for similar
backfill.
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Figure 5-3. Closure of a disposal room completely filled with crushed salt and bentonite
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Figure 5-5.
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SPECTROM-32 results for a disposal room filled with crushed salt backfill and
TRU waste for the waste consolidation assumption that a= = 3am (Callahan,
March 13, 1992, memo in Appendix A).
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Figure 5-8.
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Other conclusions are evident from the waste consolidation curves in Figures 5-4 to 5-8.
The most apparent conclusion is that SANCHO waste consolidation predictions differ greatly from

predictions made with SPECTROM-32. For example, whereas the SANCHO waste consolidation

curve in Figure 5-4 shows waste consolidation to no less than about 309’0 porosity, calculations for
an equivalent configuration with SPECTROM-32 show consolidation to less than 590. The

SANCHO estimates of waste consolidation are also seen to be nearly independent of the type of

backfill present, as they should be, because of use of the non-dimensional void fraction parameter

as the measure of closure. In contrast, the waste consolidation curves computed with

SPECTROM-32 appear to differ, depending on the type of backfill.

The difference between the waste consolidation curves computed with SANCHO and the

initial SPECTROM-32 results is considered to be a direct result of the use of different
mathematical waste consolidation models (Section 3.3). The SANCHO predictions are consistent

with results from tests in which various types of waste were compacted axially while restrained in

rigid dies to prevent lateral motion. These tests imply that average waste void volumes less than

18°h at lithostatic stress are not likely to be achieved. They also show that the stiffness of the

metal waste was the principal factor preventing consolidation to smaller void fractions (Butcher et
al., 1991 b). It is difficult to accept the initial SPECTROM-32 estimate of eventual compaction to
less than 5% void fraction in view of the experimental observations. On the other hand, the

SANCHO estimate may be pessimistic in the sense that the model used to obtain it underpredicts
consolidation and does not account for any salt flow into a waste element. Because of the

perceived inconsistency in the predicted state of compaction of the waste after a hundred years, an
additional calculation was undertaken. This calculation examined the consequences of the Ua =

3um assumption used for the SPECTROM-32 compaction relation (e.g., Section 3.3.4) by replacing
it with the assumption that Ua = um. Although the results shown in Figure 5-6 indicate even less

long-term compaction than the SANCHO results (Figure 5-4), they are considered to be a better

representation of the actual response of the waste. In fact, the SPECTROM-32 results assuming u=

= 3um (Figure 5-5) and the results assuming u. = am (Figure 5-6) are considered to define the

extremes of possible waste compactability, with the SANCHO result lying between them and more
toward the upper bound. The consequences of the u= = 3a~ assumption in SPECTROM-32 on

closure of a room filled with salt/bentonite backfill, described in the next section, have yet to be
determined.

In view of the results presented in the previous paragraph, the SANCHO predictions are
considered to represent a more conservative analysis of repository response, in terms of the

estimated permeabilities of the waste, and as such will remain the basis for 40 CFR 19f B
performance assessment until model refinement makes a more accurate estimate possible. The
results show that consolidation of the waste is not complete, that it is controlled by the

incompressibility of the metal waste, and in turn is the principal factor controlling the

permeability of the disposal room contents.

5.1.4 Mechanical Closure of Rooms Containing Waste, Backfill, and Gas

5.1.4.1 EARLYGAS PRESSURIZATION ESTIMATES ASSUMING A PERFECTLY SEALED ROOM

The first estimates of the effect of gas generation on the closure history of a disposal room,

for the Draft Supplemental Environmental Impacl Statement (DSEIS) (US DOE, 1989), assumed
that cavities that contained gas were perfectly sealed (Lappin et al., 1989, Sec. 4.10.2). This
assumption was considered an upper bound representation of the effects of gas pressurization.
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Selection of baseline gas generation potentials (total amount of gas possible) and rates (Lappin et
al., 1989, Sec. 4.2) constituted an important accomplishment of the DSEIS effort.

The initial DSEIS study included estimates of pressures that would occur in various sealed,

gas-storage volumes corresponding to a gas generation potential of 589 moles/drum for anoxic
microbial decay and 894 moles/drum from anoxic corrosion of metals. In the baseline case, the
gas-production rate was assumed at 2.66 g-moles/drum/year for 500 years, after which time
corrosion reactants were used up. Sufficient brine was assumed present to allow corrosion
reactions to go to completion. After 500 years, a rate of 0.86 g-moles/drum/year, corresponding

to microbial decay, was assumed for the next 200 years, after which all gas production ceased.

Gas-pressure estimates were computed with the ideal gas law and were demonstrated to be
sufficiently accurate using more detailed gaseous equations of state, as will be described later in
this section.

Several results from the DSEIS gas-pressurization calculations for a perfectly sealed
repository can be used to provide insight for further gas-pressurization studies. First, a total gas

pressure of 6.7 MPa was found to exist if zero closure of a waste panel was assumed (Lappin et
al., 1989, Sec. 4.10.2, Table 4.8). For this estimate, the available storage volume was computed as

the excavated volume of the waste panel less the volumes occupied by waste and backfill. This

calculation provides an intuitive measure of the total amount of gas generated. A second

calculation assumed that (1) the repository was allowed to close without back pressure from
internal gas generation and (2) all of the gas was contained within the unsaturated void volume of
13,000 cubic meters that existed after closure was considered complete. The void volume for this

calculation was the “final state” DSEIS value representing the estimated final consolidated state of
the waste (O.18 final porosity) and backfill (equal or less than 0.05 final porosity), assuming no

effects of gas generation. The gas pressure under this condition, using a non-ideal gas law, was

predicted to increase to about 240 MPa, much greater than a lithostatic pressure of 14.8 MPa at
the horizon of the repository. Clearly, pressurization to 240 MPa is not realistic because halite

surrounding the repository will expand or interbeds will fracture at much lower pressures to
provide pressure relief. Cavity expansion and fracture opening are expected to create more void
volume or vent some of the gas to other regions of the formation long before the gas pressure has

reached 240 MPa. This example does emphasize, however, that the extent of pressurization of a

disposal room will depend on the magnitude of the void volume existing in the room at a given
time.

Even when estimates of additional available volume for gas storage, such as the void volume
within Marker Bed 139 and the DRZ, were added to the final volume of the repository to obtain a

total volume of 105,000 cubic meters, the calculated pressure was 18 MPa. This estimate was
interpreted as suggesting that even if all usable volume within the repository were available for gas
storage, the resulting pressurization would still be above lithostatic pressure (14.8 MPa). Pressures

above Iithostatic pressure are generally considered adverse because of the likelihood of fracture
openings in the interbeds that could vent the gas to unacceptable repository regions, act as short
circuits for brine saturation of the waste before final compaction, and/or act as conduits for
migration of radioactive brine out of the repository.

A similar but somewhat more thorough study of the potential for gas pressurization was
undertaken by Davies (June 26 and October 4, 1990, memos in Appendix A). The primary

objective of these gas-storage pressure calculations was to identify gas-storage scenarios that
would produce final gas pressures that were less than lithostatic pressure. An added objective of

the study was to estimate lateral gas migration distances in nonhalite interbeds.

5-15



The first part of Davies’ study examined differences between pressures estimated using the

ideal gas law and those computed using other laws for nonideal gas behavior. Results using the
various laws differed only when the gas storage volume was under 100,000 cubic meters and the

pressure was well above lithostatic. Above 20 MPa, the nonideal gas behavior of hydrogen was

found to be increasingly important. As expected, storage volumes comparable to the volumes

assumed for the DSEIS calculations yielded approximately the same pressures.

When Davies considered gas storage in interbeds, gas storage pressures for an “intermediate
state” of the repository with a porosity of approximately 0.42 were found to be relatively
insensitive to the presence of interbeds and to assumptions about interbed porosity. This result

assumed creep closure had ceased because of internal gas pressurization. An intermediate state of
closure of the room is typical of the state of consolidation of the waste if gas pressurization
partially inhibits compaction, as discussed further in the next section of this report. The

insensitivity arose because the volume within the entire repository for this condition was already
large enough to reduce the final gas pressure to below Iithostatic.

The most significant result from Davies’ calculations was the observation that when interbed
storage was added to the “final state” volume considered in the DSEIS (full consolidation without
any impediment to closure from gas), the final gas pressure was 19 MPa. Interbed porosities of

0.01 and an interbed area corresponding to a 400-m buffer zone surrounding the repository were
assumed. The gas pressure of 19 MPa was again greater than lithostatic pressure but much less

than the DSEIS estimate of pressurization to over 200 MPa. Thus, these calculations showed that

gas-storage pressures for a “final state,” fully consolidated repository were quite sensitive to

assumptions about interbed porosity and saturations.

Davies’ final calculations determined the size of the interbed area that would be required to
make gas-generation pressures less than Iithostatic. Various interbed porosities were assumed. For

the condition of a 0.01 interbed porosity mentioned in the previous paragraph, gas would have to
migrate a distance on the order of 1000 m to produce the desired reduction in pressure. This

distance is approximately one third of the distance between the southern edge of the waste-

emplacement panels and the southern boundary of the WIPP Site.

5.1.4.2 RECENT CLOSURE ANALYSES OF A PERFECTLY SEALED ROOM

Since completion of the DSEIS support document (Lappin et al., 1989), a series of
calculations has been completed by Weatherby et al. (November 14, 1989, memo in Appendix A),

Weatherby et al. (1991 b), and Brown and Weatherby (September 17, 1990, memo in Appendix A)

(e.g., Appendix D, Calculations 8 and 9) that investigate the behavior of a disposal room when
both the total gas potential and gas-generation rates are reduced.

In addition to the base gas-generation case (gas generation at 2.66 g-moles/drum/year for

500 years and 0.86 g-moles/drum/year for an additional 200 years), three other cases were
examined in these calculations: ( 1) What happens to the disposal room as the total amount of gas
generated is reduced to 60, 40, and 200/0 of the total gas used in the DSEIS report (the gas is

assumed to be produced over the same time periods as for the base case)? (2) What happens if the
gas-generation rates are reduced to 200/0 of the base-case values and the total gas generated is

either the same or much less than the base-case assumptions (the time for gas generation is
extended)? (3) What happens if the disposal room reaches lithostatic pressure and some sort of

safety-valve mechanism bleeds off gas just fast enough to maintain the pressure at a constant
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lithostatic value? In all cases, sufficient brine was assumed present to allow the corrosion

reactions to go to completion.

The single room in an infinite-array configuration was used in these studies, as described in

Section 2.6, with the gas-generation model described in Section 3.6.

5.1.4.2.1 Void Fraction Results for VaryingAmounts of Gas

Figures 5-9 and 5-10 show the responses of disposal rooms to variations of total gas
production. In Figure 5-9, the baseline gas-generation rate is represented by the curve for f = 1.0

(e.g., Section 3.5; Weatherby et al., November 14, 1989, memo in Appendix A, summarized in

Calculation 8, Appendix D) and compared with lesser rates of gas production defined by f = 0.2 to
0.6 (Weatherby et al., 1991b; Brown and Weatherby, September 17, 1990, memo in Appendix A,

summarized in Calculation 9, Appendix D). Variation of the gas production by reducing f values
not only decreases the amount of gas produced but can also be thought of as a crude attempt to

correct for leakage during the gas-production period. However, this procedure cannot account for
Ieakagel after gas production ceases. In addition, it cannot account for the fact that gas created

by corrosion is dependent on the availability of brine for the chemical reactions, as discussed in
Section 6.2.

The void-fraction results (Figure 5-9) indicate that, as the amount of gas produced is
reduced, smaller minimum void fractions are achieved. Specifically, with 100, 60, 40, and 20%

gas producing waste fractions (corresponding to values of f equal to 1, 0.6, 0.4, and 0.2 in
Equation (3.5.2) of Section 3.5), the minimum void fractions become 25, 20, 14, and 9V0. While

less gas is required to pressurize the smaller void volumes to lithostatic pressure, it was also noted
that the quantity of gas and energy in a disposal room at 25V0void fraction and lithostatic pressure
is much greater than the quantity of gas and energy in a room with a 10VOvoid fraction or less at
Iithostatic pressure.

After a minimum void fraction is achieved, the curves in Figure 5-9 show that the void
fractions begin to increase. They will eventually reach the equilibrium void fraction

corresponding to lithostatic pressure, given sufficient time, as calculated from the amount of gas

defined by Equation (3.5.2). This increase in void fraction will be referred to as room expansion
(i.e., the room begins to creep open again). Just as the room creeps closed in response to the

Iithostatic stress of the surrounding rock, when the internal pressure exceeds the overburden loads,

the net force causes deformation to reverse and produce room expansion or inflation. Inflation is
possible, of course, only if hydrofacture of the marker beds does not occur to relieve any gas
pressure in excess of Iithostatic.

The greatest amount of closure for the case f = 0.2 in Figure 5-9, of about 9% void

fraction, is smaller than anticipated because the results predated a waste compaction relationship in

SANCHO based on experimental data and used instead the “old” SANCHO consolidation
relationship for waste (Figure 3-3). Because the old compaction relationship generated little

backstress until low porosities were reached, estimated minimum void fractions from these
calculations were considered low, especially when gas generation was minimal. Another difference

1 While gas is being generated, the value of f reflects the net amount of gas existing within the
room at a given time, i.e., the amount of gas that has been produced up to that time less the
amount of gas that has leaked out of the room.
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Figure 5-9.
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Figure 5-10.
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of Brown and Weatherby’s results from past calculations (see September 17, 1990, memo in
Appendix A; Weatherby et al., 1991 b) was that a different value of the solid volume of the waste
was used to compute void fractions (e.g., Appendix D, Calculations 8 and 9). Adoption of the
new solid volumes required adjustment of the curve for f = 1.0 by scaling the initial porosity to

compare it with the other curves in the figure.

5.1.4.2.2 Gas Pressure Histories for Varying Amounts of Gas

The gas pressure histories corresponding to the void fraction results are shown in Figure

5-10. In all cases, pressures eventually rose above and then gradually decayed to Iithostatic

pressure. In the absence of fracturing, overpressurization of the room during gas-generation is

expected because a delay in time exists between the time the gas reaches a given pressure and the
time it takes for salt creep to respond. In fact, a general observation is that some degree of
overpressurization will eventually occur for all gas-generation rates and porosities in a sealed room
whose volume is being reduced by a deforming medium. For example, the void volume in

crushed-salt backfill will continue to decrease until it is ( 1) reduced to a very low value or (2) the

pore pressure in the voids increases to an equilibrium value, in most cases Iithostatic pressure. We
assume that a small value of the porosity does not exist, below which further consolidation is
impossible, no matter how much pressure is applied.

Correlation between the void-fraction curves and the corresponding pressure histories shows
that, in all cases, the minimum void fraction is reached in about 150 years and corresponds to
room pressures of about 9 to 10 MPa, after which the void fraction begins to increase. The fact

that the minimum void fraction in all the gas-generation cases normally occurred at a room

pressure of about 9 to 10 MPa appears to be in conflict with the expectation that room expansion
should only commence when the gas pressure exceeds Iithostatic pressure. The explanation for this

apparent contradiction depends on the existence of the stress gradients in the halite caused by the
presence of the excavation (Brown and Weatherby, September 17, 1990, memo in Appendix A;
Weatherby et al., 1991 b). At early times, i.e., times less than 200 years, the near-room stress is
less than lithostatic within the first 4 m from the room boundary and about 10 MPa at the wall
itself. At later times, the external pressure varies from Iithostatic in the far field to a maximum
value in excess of lithostatic at about 0.25 m from the room boundary (0.25 m deep into the walls)

and drops to about 10 MPa at the wall face.

The stress gradient results described in the previous paragraph are interpreted as a stress

cage around the room with a peak stress value in excess of Iithostatic, similar to the stress cage
that was encountered around a borehole in salt during in situ stress measurements (Wawersik and

Stone, 1989). Because the stress in the halite adjacent to the room walls is less than Iithostatic, all

that is necessary is for the gas to exert a back stress greater than this value to reverse the closure
process and initiate room expansion. This process is believed to be the reason for the minimums
in the void volumes at approximately 10 MPa internal room pressure.

5.1.4.2.3 Calculations for an Altered Gas Generation Rate

Time integration intervals were also extended by a factor of 5 for calculations where the
rate of gas production was reduced by a factor of 5 (0.2 times a baseline rate of 2.66 (g-

moles/drum/year, etc.) (cf Equation 3.5.2) or by a factor of 25 (0.04 times a baseline rate of 2.66
(g-moles/drum/year, etc.). Void-fraction history curves are shown in Figure 5-11 and pressure

history curves are shown in Figure 5-12. The void-fraction curves show that the minimum void
fractions are 80/0 and 2°/0, respectively. Caution should again be used in interpreting Figures 5-11
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Figure 5-12.
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and 5-12, however, because the calculations are based on the “old” consolidation relation for the
waste. Thus, curves that show void fractions less than 0.18 (the expected average final porosity of
unprocessed waste) are considered unrealistic and eventually should be revised to be representative
of the appropriate waste and backfill conditions.

The pressure history curves in Figure 5-12 show that reduction of total gas production by a
factor of 5 decreases the peak pressure by only 18%, from about 21.5 to 18.5 MPa, and is still
above Iithostatic. As stated in the previous paragraph, the reason for such a small change in the

reduction of peak room pressure is the fact that room pressure is determined by the relationship

between the amount of gas generated, the void volume available, and the room’s natural tendency
to arrive at an equilibrium balance between all the forces acting on it.

5.1.4.2.4 Safety Valve Calculations

Figures 5-13 and 5-14 show the result of assuming that the internal pressure approached Iithostatic

and then holding the pressure steady at that value because of some unspecified gas bleed-off
mechanism. After reaching a minimum void fraction, the room is seen to expand slightly. This

behavior is expected as the stress cage decays to a uniform state of Iithostatic pressure.

5.2.1 Results of Calculations Examining the Role of Fractures on Room
Pressurization

As discussed in Section 3.6.2, a fracture model has been developed for the disposal room to

explore the behavior of fractures in the Salado (Arguello et al., 1992). Two types of response
were considered. Case 1 represents an existing impermeable fracture in halite or an interbed
extending beyond the DRZ that can open, given sufficient tensile stress, but is not penetrated by
gas in its closed state. Because a portion of the crack beyond the DRZ is not penetrated by gas,

the gas pore pressure in this region is zero. Case 2 represents a permeable fracture in a nonhalite
interbed or clay seam, or a discontinuous interface between an interbed or clay seam and halite,

that gas can penetrate even when closed. Diffusion of the gas is defined by relationships derived
from two-phase flow simulation results (Davies, June 26 and October 4, 1990, memos in Appendix

A; Equation (3.6.3)).

The finite-element mesh representation used for both these analyses is shown in Figure 5-15

(Arguello et al., 1992). These calculations predated introduction of a waste compaction
relationship in SANCHO based on experimental data and instead used the “old” SANCHO
consolidation relationship for waste (Figure 3-3). Because the old compaction relationship assumed
little backstress until low porosities were reached, these results, like the gas expansion results

described in Section 5.1.4, predict lower minimum void fractions than are currently expected.
However, this discrepancy is considered to have little effect on the objective of the calculations,
which was to explore two different conceptual models of the role of fractures during disposal-

room pressurization.

5.2.1.1 IMPERMEABLE FRACTURES (CASE 1)

For the Case 1 fracture, gas pressurization is not permitted beyond the first one meter of
the fracture layer from the room boundary (an assumed thickness typical of the DRZ) unless the
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Figure 5-14.
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fracture opens. This fracture will be labeled the gas impermeable fracture. It can open if stress

normal to the fracture layer becomes tensile, allowing gas to enter. The disposal-room pressure
history curves derived from these calculations in Figure 5-16 show that the gas pressure continues

to rise above lithostatic pressure until it reaches a maximum at around 22 MPa.

The vertical stress history (the stress across the crack) in the first element ahead of the tip

of the crack one meter in from the disposal-room wall controls crack opening. If this stress
becomes tensile, then, according to the model, the impermeable portion of the crack begins to
open. The vertical stress history in Figure 5-17 shows that the stress in the first element decreases

(the negative sign indicates compressive stress) as the room is pressurized but remains compressive
throughout the entire simulation time. In fact, the stress never drops below a compressive stress

of about 5 MPa. Thus, the crack cannot open if the stress is not tensile, and this element cannot
become permeable.

Examination of the entire maximum principal stress field along the crack shows, in fact,
that all other elements outside the DRZ remain compressive (Arguello et al., 1992), i.e., the entire

stress field around the crack remains compressive because the salt is able to creep and increase the
volume of the room sufficiently to accommodate the slow gas pressurization. Both horizontally

oriented and vertically oriented (impermeable) fractures have been examined in this study and
found to exhibit the same response. If the stress field always remains compressive, no new

fractures can initiate and propagate to create a conduit for gas flow to other regions of the
repository. We conclude from this calculation, therefore, that initiation of new cracks in the halite

by gas pressurization is not possible at the gas-generation and deformation rates expected in the
WIPP.

5.2.1.2 PERMEABLE FRACTURES (CASE 2)

The reason for the fracture-related calculation described as Case 2 is that the geological
formation surrounding the repository is not a monolithic region of salt but rather is a layered
structure of salt, horizontal anhydrite interbeds, and clay seams. The stratigraphy of this

formation has already been described in Section 2.2. Because the anhydrite interbeds are

discontinuities in the salt formation that have limited cohesion with adjacent halite, and because
anhydrite has quite different mechanical properties than salt particularly with regard to stiffness
and brittleness, it is not surprising that these layers contain naturally occurring, partially healed
fractures (Borns, 1985). Thus, they are more permeable than intact salt. Similar observations are
relevant for partings and clay seams, with the exception that these layer materials tend to be more

easily deformable.

Whether the fracture systems of these layers are of the nature of long continuous cracks or
networks of small, interconnected cracks is unimportant in the Case 2 calculations. Such detail is

greater than the structural detail that can be addressed with the codes during a disposal-room
claculation. Instead, the structures of interbeds and clay seams are important because they are
likely pathways for gas migration either by porous media flow or by flow through fractures
(Mendenhall et al., 1991), and as such, they can be approximated as containing simple fractures.

The fracture configuration used for Case 2 represents a permeable fracture in a nonhalite
interbed or clay seam, or a discontinuous interface between an interbed or clay seam and halite
that gas can penetrate, even when closed. The manner that gas migrates along this type of

fracture has been defined by relationships derived from two-phase flow simulation results by
Davies (June 26, and October 4, 1990, memos in Appendix A) that specifically addressed this

problem. For this calculation, Davies assumed a constant room volume corresponding to the final
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Figure 5-17. The compressive vertical stress history in the first element of an impermeable

fracture, the element adjacent to the DRZ, during closure (compressive stress is
negative). The curve shows that the stress never drops below a compressive

stress of less than about 5 MPa. Thus, the crack cannot open if the stress is not

tensile, and this element cannot become permeable. (Arguello et al., 1992).
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equilibrium closure state determined for the baseline gas-closure calculation described in Section

5.1.4 (f = 1.0). The void volume of this state was 973 m3, and the void fraction was about 40°fi.
Although this volume was held constant with time, it was believed to be an adequate

approximation of the disposal room for purposes of conceptual model verification. Other key
assumptions were that ( 1) gas generation rates were approximately the same as the baseline rates in
Section 5.1.4, (2) the stratigraphy could be simplified to two overlying and underlying composite
interbeds with permeability of 10-19 mz, (3) the composite interbeds were always directly
hydraulically connected to the disposal room because of the DRZ, and (4) the initial water
saturation within the room was 0.29.

The principal published results from Davies’ two-phase analysis were in the form of

gas-saturation curves showing the gas content of the upper interbed (highest gas content) at
distances 4.5, 10, 20, 130, and 600 m away from the vertical centerline of the room. Curves for

each station showed complete brine saturation until gas arrival, followed by an increase in gas
content until a maximum was reached. Close in to the disposal room, the gas saturation front was
fairly abrupt; whereas, at the 600 m station, the increase in saturation was over a longer period of

time. Interpretation of the results also showed that, for a given depth of penetration of the gas,
the difference in gas pressure between the front and the room was small. These conclusions

suggested two major simplifications in the observed two-phase response: ( 1) gas migration within
the marker bed could be approximated as a moving boundary, and (2) the gas in back of the
moving boundary could be assumed to be at the same pressure as the gas pressure within the
disposal room. Thus, gas penetration of the fracture for crack-opening analysis could be specified

by a power law that defined the location of the moving boundary as a function of time,

x(t) = 1.14 X1O-%3.22, (5.2.1)

where the distance x is measured in meters from the wall face, and t is the time in years. This

relationship was considered an adequate representation of crack pressurization. This relationship is
valid for x < 600 m. The error introduced by simplifying the SANCHO mesh configuration even
more by locating the fracture interface at the midheight of the room rather than 2.1 m above the
room, as in the two-phase flow calculation, was not considered important.

For the permeable fracture model, gas was then assumed to diffuse into the fracture prior to

its opening, and like the impermeable fracture, it too opened if tensile stress was present.

Opening was assisted by the increased pore pressure: once the fracture opened, the open part of

the fracture was assumed to have the same pressure as the gas pressure in the room. Unlike Case
1, tensile stress did develop at the fracture interface in this calculation, as implied by the opening

profiles at different times after the start of gas pressurization (Figure 5- 18).

Figure 5-18 shows, for example, that after 240 years the fracture has opened almost 40 mm

at its point of emergence into the disposal room. The opening then decreases with distance into

the interior of the fracture to zero opening about 7 m from the wall. Although the distance of gas
pressurization corresponding to 240 years after initiation of gas pressurization would be 53 m
according to Equation (5.2.1), this value is actually misleading because the problem configuration
was for an interior room in an array of rooms. Thus, gas penetration to a distance of half the
pillar thickness, or 15.3 m, was sufficient to cause communication through the plane of symmetry
to an adjacent room. According to Equation (5.2.1), penetration 15.3 m away from the room
would have taken about 165 years.

The effect of using array symmetry is further emphasized by the opening curve at 260 years
in Figure 5-18, which shows that opening is complete throughout the entire pillar and that gas
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between it and an adjacent room after 240 years. The entire pillar was then
lifted upward, forming a gap containing gas at Iithostatic pressure (14.8 MPa).

(Arguello et al., 1992).
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pressurization has now raised the entire pillar upward a distance of about 6 mm at its centerline.
This response suggests that for the gas production assumed, in the absence of other leakage paths,

gas communication between different rooms in a panel is inevitable if easy gas migration through
fractures in the interbeds can occur.

The gas-pressure history of the room during crack opening is also of interest. The

pressure/void-volume relationship in Figure 5-19 shows that the room-closure history is initially

typical of the histories observed for perfectly sealed rooms. Closure slows as gas pressure
increases as a minimum volume is reached, and then gradual expansion begins. Unlike a perfectly

sealed room, however, fracture opening commences when lithostatic pressure is reached, with the
consequence that now additional volume for gas is generated by the opening crack, and the
pressure remains constant. The implication from this calculation that the room void volume

simply increases to maintain a constant lithostatic pressure after Iithostatic pressure is reached may
be an artifact of the model, as will be discussed in the next paragraph. Nevertheless, the fracture
is expected to act somewhat like a safety valve by reducing additional pressurization once a set
pressure, in this case lithostatic pressure, is reached.

To provide additional insight about the constraints imposed on fracture opening by the

array-room configuration, calculations were also performed for a permeable crack opening from
an isolated room. The first difference observed was that pressurization of an isolated room was

slower than the pressurization of an array room. This difference will be discussed in Section 6.3.

Retarded pressurization is caused by lower mean and deviatoric stresses in the halite surrounding

the isolated room as compared to the stress field around an array room. The slower closure rate
resulted in higher void volumes within the isolated room, which provided greater gas-storage

volumes than for the array room at a given time.

The fracture in the isolated room analysis remained closed for about 270 years and then
began to respond to the pressure buildup. Unfortunately, the fracture opening displacement for the
isolated room became numerically unstable after about 310 years of simulation time. The cost of
running the analysis was excessive, and the problem was terminated.

In summarizing the results of this section, it is important to emphasize that all conclusions in

the preceding paragraphs must be verified by additional analysis. A relatively crude model of gas

generation was used in the permeable fracture calculation, and a number of very broad simplifying
assumptions, including array room symmetry, was required to obtain a solution. The results

confirm, however, that fairly large changes in room performance are to be expected when the
constraining assumption of a perfectly sealed room is removed. Examination of these changes will

be the thrust of future studies. In addition, supporting evidence may come from planned

experimental work to show that the marker beds in the undisturbed region outside the DRZ
contain pre-existing fractures, will readily accept fluid pressurization, and will dilate as pressures

approach lithostatic.
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Figure 5-19. Gas-pressure/void-volume history in a disposal room intersected by a permeable
fracture. The rapid increase in void volume indicated by the horizontal portion

of the curve at 14.8 MPa pressure occurred when opening reached the midpoint

of the adjacent pillar at around 250 years and began to lift the entire pillar
upward. (Arguello et al., 1992).
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6.0 ADDITIONAL MODEL DEVELOPMENTS

6.1 Human Intrusion

The human intrusion scenarios for the WIPP generally assume that drilling in connection
with programs for hydrocarbon exploration will eventually penetrate the repository at some time

after it is decommissioned (40 CFR 191, US EPA, 1985; WIPP Performance Assessment Division,
1991 b). The assumption is also made in some scenarios that the drilling crew will be unaware that

they have drilled into a radioactive waste repository and will continue drilling until the borehole
intersects a brine reservoir in the Castile Formation. Drilling will then be suspended, and the site

eventually abandoned after plugging the hole. Variations of this scenario are abandonment of the
hole after it intersects the repository or multiple penetrations in which abandonment of a first hole

will be followed many years later by a second hole penetrating the repository.

The immediate effect of human penetration of the repository will be depressurization of
either gas or brine in the room, followed by resumption of transport of brine into the room. The

sources of brine can be from the surrounding formation, up from Castile brine pockets, or down
the borehole from regions above the repository. Any new brine in contact with the waste will re-
establish gas production and, if it is not used up, become radioactive. Depressurization of the
room contents will also cause resumption of closure processes.

The changing environment of the room after a human intrusion must be examined to predict
the consequences of depressurization on radioactive brine migration. Although consolidation
calculations that investigate drilling penetration have not been completed, the computational
methods described in the previous sections can be used to predict the nonlinear behavior of the
subsequent consolidation process. The procedure appears straightforward. Closure calculations,

such as the gas calculations described in Section 5.1.4, are stopped at the time of human intrusion

and the amount of gas within the room redefined. This process requires assumptions about how

much gas escapes instantaneously up the borehole and what the subsequent borehole-leakage rate
is, which can be obtained by independent calculations. The code is then restarted and allowed to

continue in a normal fashion. Some approximations of closure after depressurization that can be
used in lieu of the availability of actual closure histories are discussed in Chapter 7.0.

6.2 Coupled Flow-Closure Calculations

An obvious deficiency of the present room disposal calculations is the absence of a method
for relating the dependence of corrosion gas production to the availability of brine.1 A more
refined model would address the following circle of events: (1) as gas is produced and as gas

pressure increases, brine inflow into the room would be inhibited and brine may even be expelled
from the room and, in’ turn, (2) if the waste is not wet, corrosion will be much slower and less gas
will be produced. Thus, the race is on between brine/waste interaction, gas-pressure buildup, and

brine rejection by gas. The outcome of this competition cannot be predicted without including

brine flow in the calculations.

1 Any change in the current assumption that microbial decomposition occurs without brine
consumption would also influence brine availability.
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Definition of how much brine is actually available at a given time to interact with the waste

would ultimately require coupling of a structural code with a two-phase flow code. However,
while two-phased analyses, such as described by Davies (October 4, 1990, memo in Appendix A),

offer insight into gas/brine distributions, these codes also lack the capability to directly include
empty room closure, much less the sophisticated response associated with backfill consolidation and
waste compaction. Similarly, the computer time required for solution of 2-D, flow-independent

closure problems involving relatively simple disposal room configurations with structural codes
(SANCHO and SPECTROM-32) is about as large as can be tolerated and is expected to be
excessive if a complete two-phase flow description were added to them. Given the current state
of development of numerical codes in terms of solution techniques and the amounts of computer
time required for solutions, it is unlikely that any code will be available in the near future to
couple in detail the structural and two-phase flow processes.

Three approaches are in use to compensate for inability to directly relate two-phase
gas/brine flow to gas-controlled closure. In the first approach, illustrated by Davies’ calculations

(June 26, and October 4, 1990, memos in Appendix A) described in Section 5.2, the disposal room
volume is assumed fixed at appropriate values determined from mechanical closure calculations.
Then the flow analysis is performed assuming that the volume remains constant with time. This

approach is appropriate only as long as the volume change associated with subsequent closure
remains small, which is unlikely if gas is still being generated. A second approach is to reduce the

two-phase flow part of the problem to a simpler description that can be included in either flow or
closure calculations. An example that couples single-phase brine flow with the geomechanical
codes will be described in the next section. Other methods attempt a simplified description of
closure in the flow codes. The third approach evokes the concept of closure surfaces, described in

Chapter 7.0.

6.2.1 Coupled Single Fluid Phase/Geomechanical Code

Although implicit coupling between a complete two-phase gas/brine-flow description and

the present stress analyses is unrealistic, coupling brine flow with the geomechanical room

behavior is possible and is a goal for the WIPP disposal room modeling effort. In this study, a
simplified model describing saturated transient fluid flow has been added to SANCHO, according
to the following equation (Mendenhall et al., 1991):

apv au
cl— - c2v2pv = -C3X

at
(6.2.1)

where
(1 - f#J~) 1 Yfo

cl = -— +—Br$
K K, -yf

k
c2=—

v

6-2



(1 - @~) 1
q = -—

K K,

u = mean stress (Uli/3), with compressive stress negative,

P“ = pore pressure,

and

k = permeability,
= fluid viscosity,

; = porosity,

40 = reference porosity,

‘rf = fluid density,

-Yfo = reference fluid density,
K = drained bulk modulus,
K, = solids bulk modulus,
B = compressibility.

The left side of Equation (6.2.1) represents the transient saturated flow equation, and the
right side is the coupling with the time varying stress field. If the stress field does not vary with
time (or C3 is zero), then Equation (6.2.1) simplifies to the standard saturated transient flow
equations. Also note that if the mean normal stress increases with time, the right hand term

becomes a sink term, and if the mean normal stress decreases with time, it becomes a source term
(Mendenhall et al., 1991 ). This can be thought of as either creating or reducing pore space in the

saturated, deformable medium.

Results from application of the coupled brine-flow model to brine flow into an empty

disposal room are shown in Figure 6-1. The “reference” curve represents brine flow into a

constant room volume, i.e., independent of time. The “geometry” curve represents brine flow into

a room closing with time but not coupled to the surrounding stress field. In this case, decreased
brine inflow is caused by the reduction of the surface area of the room with time. The “coupled”
curve shows the reduction in brine flow caused by both the reduction in surface area of the room

and by the increased pore space caused by the normal stress gradient adjacent to the room (as
discussed in the previous paragraph), which changes with time.

Figure 6-1 shows that brine accumulations using the coupled saturated-flow model are

actually less than estimates assuming that the room volume remains constant at its initial value.
These calculations define the brine flux through the room boundary as a function of time. The

next step in improving the model would be to assume that any brine entering the room is
instantaneously in contact with the waste. The amount of free brine could then be used, along
with assumptions about how rapidly it is being consumed by the reaction, to estimate how much

gas is generated.z Although these refinements of the coupled-flow model are not yet available,

they would be a major improvement. In comparison with a full, two-phase flow description, they

include the dependence of corrosion on brine availability. In addition, they capture, in part,
reduction of brine-flow flux into the room because of gas pressurization. As the gas pressure

within the room increases, the gradients driving brine into the room are reduced by the increasing

gas pressure at the room boundaries. Flow should eventually cease as the room pressure becomes

2 The simplest
allowing any

conceptual model is that brine forms puddles on the floor of the disposal room,
iron in contact with it to corrode at the corrosion rate measured in the laboratory.
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Figure 6-1. Predictions of brine accumulation within empty disposal rooms assuming (1) no

change in volume because of closure (reference curve); (2) uncoupled-brine flow
into a closing room (geometry); and (3) brine flow into a closing room, coupling the

surrounding stress field with the fluid flow. (Mendenhall et al., 1991).
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equal to the far-field pore pressure. The features of flow not described by this model are gas
leakage from the room and situations when the gas pressure is sufficient to actually dewater the
room by forcing brine away from it out through the interbeds. Such response has already been
discussed in Section 5.2. The coupled model is considered bounding because it maximizes gas
pressure within the room. Additional refinements would reduce gas generation because even less

brine would be available for corrosion or reduce gas pressurization because leakage has not been
considered.

6.3 Panel Scale Modeling

Closure results for isolated rooms and rooms in an infinite array are different from each
other, as discussed in Section 5.1.4. Furthermore, although neither configuration is an exact

representation of a panel room, one of these two idealizations had to be assumed for past analyses

because of numerical analysis limitations. The questions, remain, however, as to whether either

representation provides a satisfactory approximation to closure, and what order of magnitude of

uncertainty is introduced by this simplification.

Recently, a new finite-element stress analysis code (SANTOS) has been applied to questions
pertaining to the uncertainty introduced by assumed room configurations (Stone and Arguello,

December 17, 1991, memo in Appendix A). To put SANTOS capabilities into perspective, early

empty-room closure calculations with SANCHO by Morgan (June 2, 1987, memo in Appendix A)

utilized approximately 700 quadrilateral finite elements for the discretization and required 200
minutes of CPU time on the Cray computer for closure solutions. In contrast, the 2-D panel scale

calculation with SANTOS contained over 23,000 quadrilateral finite elements but needed only 55
minutes of CPU time on the computer. This enhancement of problem scope and running time
permits examination of various aspects of closure that previously were not feasible.

The SANTOS calculation by Stone and Arguello (December 17, 1991, memo in Appendix A)
was the first 2-D analysis of the creep closure of a complete WIPP panel. It encompassed a

vertical cross-section of the repository intersecting seven rooms in a single panel, at their
midpoints, and the two haulage ways that run north/south at the facility to provide access to the
panels (Figure 6-2). A plane of symmetry was assumed to exist about a north/south line drawn

through the center of the four haulage ways: mesh discretization for the seven room panels, the

two haulage ways, and the transition zone between the two types of excavations are shown in
Figures 6-3a and 6-3b. The stratigraphy for this calculation was assumed to be all salt, and

Young’s modulus was divided by 12.5 (e.g., Section 5.1). The reader is referred to Stone and

Arguello’s memo in Appendix A for further details of the numerical model.

The results of the panel calculation for totally empty rooms in Figures 6-4a and 6-4b show

vertical closure for rooms and haulage ways over 200 years. Vertical room closure is defined as

the sum of the floor and ceiling displacements at the room centerline. Because the rooms are 4 m
high, a closure of 4 m signifies that the floor and ceiling touch. Room 4, which is located at the
center of the panel and has been previously modeled as an array room, closes most rapidly.
Estimated closure of an array room (Morgan, June 2, 1987, memo in Appendix A) almost exactly

duplicates Room 4 closure. Room 1, at the end of the panel away from the haulage ways, exhibits
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Figure 6-3a. The finite-element mesh used to analyze closure of a complete 2-D panel (Stone

and Arguello, December 17, 1991, memo in Appendix A).
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Figure 6-3b. A schematic of the boundary conditions applied to the panel analysis (Stone and
Arguello, December 17, 1991, memo in Appendix A).
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the slowest closure and is closer in configuration to an isolated room. The difference between the
maximum closure (Room 4) and the minimum closure (Room 1) at about 160 years is about 0.8 m,

or roughly 25% of the total closure that has occurred in Room 1. The closure of actual disposal
rooms is expected to be much less because the rooms would be filled with waste and backfill.

The 2-D panel calculation suggests that the penalty for use of simpler room configurations is

an uncertainty of less than 259’o in estimates of how much the room has closed within a given
period of time. On a relative basis, array-room closure is too fast, and isolated-room closure is
too slow. Errors of this magnitude are considered tolerable for conceptual model studies. The

reader is reminded that these conclusions are obtained from 2-D calculations. The question of
how well the estimated closures replicate closure at the ends of the room, where the 3-D geometric

influence is most pronounced, has yet to be resolved. In terms of other uncertainties associated
with the repository performance, such as gas production, these uncertainties are of the order of

25% and are considered too small to exert much influence on compliance with 40 CFR 191B.

6.4 Engineered Alternatives Task Force (EATF) Benchmark Problems

The objective of these calculations was to compare the empirical closure model used by
International Technology, Inc. (IT) (US DOE, 1991, Vol. 2, p. B- 15) for the EATF analyses with
results for room closure from SANCHO, which are based on more scientifically based deformation

mechanism theory. The benchmark comparison described in this report was limited to the

mechanical aspects of disposal-room closure, although the EATF calculations also included gas and

brine flow, The IT closure can be obtained by direct integration of their first-order differential
equations. The same initial volumes of backfill and waste as used for the SANCHO calculations

were assumed. Integration was performed with an advanced mathematical applications subroutine
for solving systems of differential equations in Version 2.5 of the commercially available software
package MATHCAD for personal computers.

The equations used by IT for early predictions of the mechanical closure of a unit-long slice

of the disposal room are

dw/dt = - 1.042”10-19”((am - u)/0.0068975)Ags W u<u~ (6.4.la)

dh/dt = -4.1 17’10-19”((am - u)/O.0068975)Ags h u < u~, (6.4.lb)

where t is time in years, w is the room width in meters, h is the room height in meters, am is the

far-field Iithostatic pressure ( 14.8 MPa), and u is the backstress exerted by waste, backfill, and/or

gas within the room. The constants for these equations were obtained by adjustment of their
values until agreement was obtained with test measurements of closure rates in situ at the WIPP.

The instantaneous average volume of the room at a given time t was calculated from

V = wh. (6.4.2)

The volume of the room approaches V = Vm at long times, where V~ is the asymptotic
volume of the room when u = um. Gas pressure within the room can continue to increase after

this time, but the backstress exerted by the waste and backfill was assumed constant and the room
volume also was assumed to remain constant. These conditions apply because the IT model has no
provision for expansion of the room volume once lithostatic stress is achieved. In addition, the IT
model gives no information about stress distributions in the intact salt adjacent to the room
boundary, nor can it be used to predict how porosity is distributed throughout the room.
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Later in the EATF program, the IT equations for mechanical closure were revised to permit

closure estimates for different sized rooms. These equations will be called the “refined” equations
in the discussion that follows:

dw/dt = -4.594010 -ZOD((Um- u)/O.0068975)A.gs hl.OGs W06s t-o.sz
for u < Um (6.4.3a)

dh/dt = - 1.220010-200((um - u)/O.0068975)d.gS hl.ls W1.039t-o.zd
for u < am, (6.4.3b)

where t is time in years, w is the width (now in feet), h is the height (now in feet), am is the

lithostatic pressure ( 14.8 MPa), and a is the backstress exerted by waste, backfill, or gas within the
room.3

Two cases were considered for the comparison: (1) an empty room (u = O) and (2) a room
with backstress from gas, backfill, and waste, Mechanical equilibrium requires that the stress in

the backfill equals the stress in the waste ubW, and the total backstress on the room boundaries is
assumed to be the sum of this backstress and the pore pressure caused by gas pressurization Ug,

that is, u = ubW+ ag in Equation (6.4.3a) and Equation (6.4.3 b).

For the IT equations, the functional relationship for ubW was obtained from the stress,

average-room-density data used by IT for the base case (US DOE, 1991, Vol. 1, Table 3)4 , and

the ideal gas law was used to define Ug assuming the rate of gas production of 2.66

moles/drum/year for 500 years. Integration time limits for the IT results that follow were limited

to 500 years because the reduction of gas generation rates to 0.86 moles/drum/year from 500 to
700 years simply increased calculated gas pressurization at constant volume without providing
additional insight into the predicted state of consolidation of the waste. This insensitivity arose
because of the IT constraint prohibiting room expansion.

The results of the comparison are shown in Figures 6-5 and 6-6. Figure 6-5 shows that the
empty room results of the IT model using the initial IT equations are a good approximation to the

calculations with SANCHO by Morgan (June 2, 1987, memo in Appendix A) that neglected the

stratigraphy surrounding the repository. Because the SANCHO calculational result was found to

be in agreement with early experimental room-closure data and the IT model was based on the

same experimental room-closure data, agreement between the two curves was expected, at least for

the early stages of closure. The experimental data used by IT was more complete because it

included recent data. Figure 6-5 also shows that the closure history predicted by IT using the

refined equations produces somewhat slower closure, but these results are still not as slow as the

3 The constants 4.594.10-20 in Equation (6.4.3a) and 1.220.10-20 in Equation (6.4.3b) were
computed by dividing the values 5.523 ”10-19 and 1.464010-19 cited in the reference by 12, to
correct for the fact that dw/dt and dh/dt were assigned dimensions of in/yr and w and h were
in ft.

4 No attempt was made to correct these results for the slight differences in initial backfill
volumes assumed for the SANCHO and IT calculations. The ratio of initial backfill volume to
initial waste volume assumed by IT was 0.525, and the ratio of initial backfill volume to initial
waste volume for the SANCHO calculations was 0.502. These slight variations are caused by
different assumptions with regard to the waste volume and how the volume represented by the
air gap was included within the calculations.
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results of the SANCHO calculation that attempted to model anhydrite marker bed deformation

(Morgan, June 2, 1987, memo in Appendix A).

Figure 6-6 shows how gas generation within the disposal room affects its final porosity.

Early-time agreement between the SANCHO prediction and the IT model appears to be good,
although the reader is reminded that small differences in void fraction become more important as
the void fraction decreases because they introduce large changes in waste and backfill
permeability. The most profound difference between the IT and SANCHO results in Figure 6-6 is

the later-time deviation in closure rates caused by the imposed IT constraint of no volume
expansion. According to the IT assumption, the void fraction in the room decreases to a

minimum, after which it remains constant (the horizontal portion of the curves in Figure 6-6). In

the SANCHO results, closure reaches a minimum and then reverses, causing room expansion (e.g.,
Section 5.1.4). The consequence of the IT assumption is that any additional generation of gas after

the constant-volume state is reached causes the gas pressure to increase rapidly to unrealistic
values well above Iithostatic pressure. This is contrary to physical expectations; room

pressurization to several times lithostatic pressure is not likely because the fractures would simply

open up and vent the gas to other regions of the Salado until lithostatic pressure was re-established
(e.g., Section 5.2).

The observations in the previous paragraph are also a reminder to the reader that

extrapolations of non-mechanistic descriptions hold no credibility beyond the regions where their
results have been verified by more fundamentally consistent models. Even with codes
incorporating mathematical models based on physical mechanisms, extrapolations in time of the

extent required for WIPP performance assessment are largely unverifiable. If the models are
written correctly, such extrapolations at least have merit in the sense that some degree of physical

consistency is maintained.
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7.0 APPLICATION TO PERFORMANCE ASSESSMENT
WITH REGARD TO 40 CFR 191 SUBPART B COMPLIANCE

Compliance of the WIPP with 40 CFR 191 and other regulations will be established by
performance assessment predictions that must demonstrate that transport of radionuclide materials
into the accessible environment will not exceed the limits imposed by the standards. A major goal

of the disposal-room closure model development effort is to provide a means for including the
effects of closure in compliance evaluation. To complete the disposal-room model, closure

information must be provided in a form that can be used in the statistical performance assessment
methodology. As shown in Figure 7-1, the components of the disposal room model described in

this report are part of the Performance Assessment panel system conceptual model (WIPP
Performance Assessment Division, 1991c).

A major part of the numerical solution capability for Performance Assessment involves fluid
flow because transport of soluble radionuclide materials by fluids constitutes one of the principal

mechanisms of release. In these analyses, single-phase or two-phase fluid flow models are

required according to whether gas is present as a separate phase. Thus, while single-phase fluid

analysis may be appropriate for brine transport in the Culebra upper aquifer regions, a two-phase

capability must be used for describing brine flow within and adjacent to the waste panels. The
reader is referred to the Preliminary Comparison With 40 CFR Part 191, Subpart B for the Waste
Isolation Pilot Plant, December 1991 (WIPP Performance Assessment Division, 1991 b, Volume 1,

Section 5.2.5; WIPP Performance Assessment Division, 1991c, Volume 2, Chapters 4 and 5) for a

comprehensive discussion of this subject.

The observations of the previous paragraph imply that two-phase flow is a principal

technical area that must be examined to evaluate the performance of a waste panel. Flow is

described by two mass conservation partial differential equations and three constraints comprising
the following set of equations (e.g., WIPP Performance Assessment Division, 1991 c, Volume 2,

Section 5.2.2.4):

Gas Component Conservation:

[

apnKkrn aCNwpwkrw
v- (VPn - pngVD) + (VPW -

Pn Pw

~ (f#Pnsn+ I#cNwPwsw)
=a

at

Brine Component Conservation:

+ a% + aqrn

(7.1)

[

acWwPwkrw

1

a (f$cwwpwsw)
V* (Vpw - ~wWD) + aqw + CYqrw =a

Pw at
(7.2)
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Saturation Constraint:

Sn+sw=l (7.3)

Mass Fraction Constraint:

CNW+CW~= 1 (7.4)

Capillary Pressure Constraint:

Pn - Pw = Pc. (7.5)

In the above equations, uppercase subscripts refer to components; lowercase subscripts refer
to phases. The subscript “n” refers to the nonwetting phase or gas phase, and the subscript “w”

refers to the wetting phase or water/brine phase. The term a is a geometric factor that allows the

same equations to be used regardless of the number of dimensions modeled in the problem (e.g.,
WIPP Performance Assessment Division, 1991 c, Volume 2, 1991, Section 5.2.2.4). The rest of the
nomenclature is defined in Table 7-1. Given the necessary initial, boundary, and material

parameter information, Equations (7. 1) to (7.5) must be solved numerically to determine the flow
field through the repository, up the shafts or human intrusion boreholes, and horizontally along

the Culebra strata to the boundary of the repository as described by Guzowski and Helton (e.g.,
WIPP Performance Assessment Division, 1991b, Chapter 4).

The two-phase flow equations have been reproduced in this section to remind the reader of

their full extent in the non-simplified form. Examination of the number of parameters and the

complexity of these equations shows that their solution is far from trivial and would be much
more difficult if room closure phenomena were included. In fact, addition of a geomechanical

closure model would require coupling the two-phase flow equations with an even more numerous
set of equations, leading to even greater solution difficulty, as has already been discussed in

Section 6.2. Even if unlimited state-of-the-art computer resources were available to solve the

equations, the large number of solutions required by the Performance Assessment methodology
would make this task impossible within the time scale needed to meet programmatic milestones.

We are forced to conclude, therefore, that a direct solution of fully coupled equations that

include both two-phase flow and geomechanical closure is out of the question at this time. A
simplification is required that captures the approximate nature of closure while at the same time
keeps the two-phase flow equations manageable. A secondary requirement is that the method of

specifying the extent of closure must be consistent with the performance assessment requirement
for addressing uncertainty in input parameters as described by Helton (e.g., WIPP Performance
Assessment Division, 1991b, Chapter 3). Rather than having to determine a new room-closure

solution for every change of a room-closure parameter, development of a method in which the
consequences of parameter variation can be established by interpolating from predetermined

solutions would be convenient.

The key to a potential closure simplification is presently assumed to be related to the gas-
filled porosity of the material within the room: the part of the parameter @ in Equations (7.1) and
(7.2) that contains gas. Porosity is the principal variable controlling permeability, and it is

determined by a number of factors. The simplest situation would be if no gas were generated.

The calculations in Section 5.1.3 of this report show that the waste and backfill compact relatively
rapidly to a fairly dense state under this condition. The room contents then remain at constant

density or would very slowly continue to densify over long periods of time.
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Table 7-1. Two-Phase Flow Nomenclature (WIPP Performance Assessment Division, 1991 c,

Section 5.2)

density
Absolute permeability (mz) (may be anisotropic)
relative permeability

viscosity

capillary pressure
pressure
gravitational acceleration
depth
mass rate of well injection (or production, if negative) per unit volume of reservoir
mass rate of products produced (or reactants consumed) per unit volume of reservoir

due to chemical reaction
porosity (fraction of reservoir that is void)
phase saturation (fraction of void occupied by phase)
mass fraction
time

divergence, shorthand for d/ilx + d/dy + d/i3x
gradient, shorthand for vector d/dx, i3/dy, a/i3x

The presence of gas complicates room closure, as illustrated by the results of Section 5.1.4,

because gas pressurization of the room may exert sufficient backstress to cause closure to

temporarily cease. The word “temporarily” is used because a human intrusion will restart the

closure process. Whereas, in the absence of gas, the average porosity of the waste may be on the

order of 0.18, base line gas generation assuming unlimited brine availability may be sufficient to
limit porosity reduction within the room to as high as 0.4. Baseline gas generation suggests a
highly permeable state of the room contents. In addition, all intermediate states of consolidation
are possible and depend upon the storage volume available for the gas, the amount of brine in
contact with the waste, and how much gas leaks away from the room through interbeds, shafts,
and boreholes. Room response to these parameters is highly nonlinear and does not fit any

standard mathematical function. The problem, therefore, is how to keep track of gas and its very
strong influence on porosity without becoming so badly entangled in detail that a numerical

solution becomes impossible.

The method that is under consideration for defining disposal-room closure information is to

summarize results in terms of a closure surface, such as the one shown in Figure 7-2, This
surface defines the relationship between the primitive variables of gas-filled porosity, the
instantaneous amount of gas present in that porosity, and time. The “gas-filled porosity”
introduces a complication to our proposal to use this type of surface to include closure into flow

calculations, however, because the disposal room may be partially or totally saturated with brine.
In other words, the gas-filled porosity represents only part of the total porosity 0, one of the
variables that must be considered in solution of Equations 7-1 to 7-5. The complication that

separation of the porosity into two independent components introduces into solution of the flow
equations will be discussed more fully in a subsequent paragraph, but for the present, discussion
will focus on the reasons this approach is considered useful.
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Figure 7-2. The unprocessed TRU waste closure surface used for the 1992 comparison of

predicted WIPP performance with 40 CFR Part 191, Subpart B.
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The motivation for the closure surface approach was suggested by the results of how gas

production influences closure, Section 5.1.4, where the curves for different values of f (Figure

5-10) suggest the surface concept. For example, a gas generation result for f = 0.8 is expected to
fall between the result for f = 1.0 and f = 0.6. Generation of such surfaces requires closure

solutions for a limited number of, but widely varying, gas-generation conditions. The surface in
Figure 7-2 was developed by assuming values for f of O, 0.2, 0.4, 0.6, and 1.0, performing the

analysis for each generation potential and forming a surface from the results. This surface bounds
the conditions of no gas generation (f = O) and base-line gas generation (f = 1).

We assume for the present that a surface such as the one shown in Figure 7-2 is a suitable
approximation of any closure history caused by a prescribed variation of f with time or gas-

generation rate with time (i.e., that this curve lies on the surface and can be defined by
interpolation). The surface construction then permits the generalization that as long as the surface

is defined and bounds possible states of the repository, it can be used to approximately define any

closure history evolving from a specified Performance Assessment scenario. While the closure
history was defined, for convenience, from calculations for a single room, the results can be

extended to represent the response of a panel, which is one of the basic configurations for
Performance Assessment analyses.

Several factors provide the justification for using closure surfaces or the data used to
construct them for Performance Assessment. First, it is almost impossible to keep track of all

detailed phenomena related to gas flow in a closure calculation (i.e., what the gas-leakage rate
should be, how much brine is available, etc.). However, for a first approximation, the results

described in Section 5.1 imply that the instantaneous amount of gas currently residing within the
porosity is the dominant parameter that controls closure because it and the storage volume alone
determine the gas pressure. It does not really matter whether this gas is the net result of the rate

of gas produced less the amount of gas that leaks out, or if it exists in a perfectly sealed room, or
whether gas production is intermittent. If each of these conditions caused the same amount of gas

in the disposal room at a given time and the porosity of the room is the same, then the hypothesis
is that the closure rates would be identical. In other words, the assertion is that it is not necessary

to know why a certain amount of gas is present at a given time within the disposal room to
compute the pressure that it exerts on the room surroundings.

When cast in the sense described in the previous paragraph, utilization of the current

amount of gas as one of the primitive independent variables of the surface is seen to avoid a
whole host of complexities, any of which could introduce great difficulty into data transfer to
Performance Assessment. It follows, therefore, that use of gas-filled porosity as the primitive

dependent variable is a means by which closure information can be introduced into flow analyses.

Coupling of the closure surface data to two-phase flow is proposed noting that the total porosity @
is the sum of the gas-filled porosity @g and the brine-filled porosity db, both of which are

considered to be slowly varying in time. An added assumption is that the pressure of the gas is
the same as the brine pressure. Nothing in the closure construction gives any information about

the current brine content of the room at any given time, however, so a value for this variable, as
well as for the number of moles of gas in the room, must be provided by the flow calculation,

either for a panel, or an individual room or otherwise. Given the amount of gas at a specified
time, the corresponding gas porosity is obtained from the closure surface, and then added to the
brine porosity to obtain the total porosity 4. Finally, the pore pressure is calculated from the
number of moles of gas and the gas porosity, and the calculation allowed to proceed.
Unfortunately, whether this method of solution can be incorporated into the two-phase flow codes
is unclear.
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The closure surface concept is, in fact, much more general than may be apparent from the
previous discussion. Consider the gas repressurization that is likely to occur during a human
intrusion. When the borehole penetrates the repository at a certain time, leakage of some of the
gas up through the borehole is inevitable. The actual amount of instantaneous release by this

mechanism can be prescribed from independent estimates of leakage up the hole, assuming
constant gas-storage volume within the room because escape times are short relative to closure
rates. Once the amount of release is established, a new value for the amount of gas in the voids
can be determined. Furthermore, the total porosity of the disposal room must remain constant

because the intrusion is for all practical purposes instantaneous, and the room is not able to
respond to rapid changes in the loadings. The new conditions after closure are defined, therefore,

by the porosity just prior to the intrusion and by a new gas content, conditions which are
represented by a different point on the closure surface. The new state is obtained by proceeding

along a constant porosity path on the surface, starting at the amount of gas present just before
intrusion at time ta (Figure 7-3) and ending at the amount of gas present immediately after
intrusion, which is calculated independently. Figure 7-3 and the process for making this

construction are described in the next paragraph. The end point of the constant porosity path will

define a new time tb. The time-scale of the closure surface time axis must then be shifted so that
tb corresponds to the intrusion time. With this time scale shift, the calculation can be continued,

using the revised closure surface, starting from the redefined position on the surface immediately
after the intrusion.

Figure 7-3 shows a gas-filled porosity contour plot of a recently constructed closure surface.

Initially, closure proceeds along some path on the porosity surface defined by the gas-evolution

history dictated by the particular choice of input parameters. Assume that this path intersects
point “a” on the porosity contour plot at approximately 1000 years, as shown on Figure 7-3. Point

“a” falls on the “40” porosity contour, indicating that an average room porosity of about 400/0 is
expected at 1000 years, and corresponds to approximately 6.40106 moles of gas in the room at that
time.

Now assume a human intrusion at 1000 years into a disposal room with conditions defined
by point “a” in Figure 7-3. If the gas pressure within the room is assumed to drop to the pressure

the drilling fluid would have at that elevation, the amount of gas remaining within the room can
be calculated from the known gas-filled porosity of the room. Suppose the remaining gas is
3.6”106 moles. To adjust the closure surface for this intrusion, the 400/0 porosity contour is
followed until a point on it, point “b,” corresponds to a gas content of 3.6c1OG moles. Although

this point is associated with a time of about 200 years on the original surface, we know that it

now represents the state of the disposal room immediately after intrusion at 1000 years. To

compensate for the difference in time, it is sufficient to redefine the time corresponding to point

“b” as occurring at 1000 years, rather than 200 years, and proceed with the calculation. The old
closure surface is shifted in time, so that the calculation can be restarted from point “b” in Figure
7-4 at a time corresponding to the time of the intrusion (1000 years).

The closure history along the surface then continues to evolve from the new conditions if
changes in the amount of gas occur because of leakage and other processes. We assume for the
porosity surface approximation that the extent of closure as reflected by the porosity is not
strongly path-dependent, and therefore a single surface is a sufficiently accurate approximation of
what is actually estimated to occur within the repository. There is some confirmation of the

adequacy of this assumption from the disposal room results described in this report, and additional
analyses are required to support this conclusion. In particular, the effects of a human intrusion

are subject to uncertainty and must be confirmed before the porosity surface representation of
closure can be applied extensively to performance assessment compliance determinations.
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Figure 7-3. A contour plot of a typical gas-filled porosity surface for ciosure of a disposal room
containing untreated waste.
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8.0 CONCLUSIONS AND RECOMMENDATIONS

The contents of this report represent the progress in development of a disposal room model

over a period of approximately four years, ending about March 1992. Our capability has increased

from execution of simple calculations of the closure of empty rooms and preliminary backfill

analyses using a consolidation model for pure crushed salt to the refinement of analytic methods

and development of mathematical models needed for detailed disposal-room closure calculations.

The model development included models for salt/bentonite backfill response, waste compaction,

and gas generation within the room, and examination of the consequences of gas pressurization on

fracture opening.

Whereas early calculations were limited to symmetric, single-room configurations, 2-D

analyses of entire waste panels are now feasible. The refinement of descriptions of brine inflow

into the disposal room and improvement of the gas-generation model have been demonstrated by

coupling a brine-flow description into the present stress-analyses capability. Finally, after

investigation of several options, the present consensus is that closure surfaces offer the best

approach to incorporation of complex room-closure response into more global performance

assessment numerical analyses.

These conclusions and recommendations will be presented in the order that the information

was presented. Most of the observations are in regard to detailed calculations (Chapter 5.0) that

were completed to explore various aspects of the conceptual model and relate either to the

adequacy of the mathematical closure models or to the extent that various features of the model

impact room performance.

1.

2.

3.

4.

5.

Continued examination of the difference between empty-room closure histories
computed with SANCHO and with SPECTROM-32 is required, even though this
discrepancy is not considered to strongly impact disposal room performance
(Section 5.1.1).

Closure estimates for empty rooms containing no gas suggest that, even with the
most pessimistic interpretation, the rooms are predicted to close to less than 10VO
of their original volume within 150 years (Section 5.5.1).

Backfill consolidation in disposal rooms with no gas is estimated to produce highly
dense states within 40 years for pure-crushed salt backfill and takes 4 times as
long for crushed salt/bentonite backfill. Backfill consolidation is so rapid that it is
not a controlling concern in the demonstration of satisfactory repository
performance for 40 CFR 191B (Sections 5.1.2 and 5.1.3).

The reason for the exceptionally low final void fractions (porosities) calculated
using the SPECTROM-32 nonlinear elastic waste consolidation model must be
resolved (Section 5.1 .3).

Even without the presence of gas, waste-void fractions (porosity) of unprocessed
metal waste may remain large as consolidation nears completion, causing this waste
type to remain highly permeable. Consolidation of metallic waste is one of the
principal mechanical processes controlling the permeability of the disposal-room
contents. Assuming an undisturbed repository and no gas, the observed closure
times on the order of 150 years are short enough to assure that consolidation of
waste and backfill is largely complete before brine at the expected brine flow rates
can saturate the room (Sections 5.1.3 and 3.3).

8-1



6. Assuming sealed disposal rooms and DSEIS gas pressurization, minimum values of
the void fraction (porosity) in the room occurred in about 150 years, after which
the rooms began to expand. The onset of room expansion occurs at room
pressures of about 8 to 10 MPa. As gas production continued, the gas pressure
exceeded lithostatic pressure. Reduction of total gas production by a factor of 5
decreased the peak pressure by only 18%, from about 21.5 to 18.5 MPa, still above
lithostatic. These results indicate that when gas leakage from the room is slight,
some, albeit small, elevation of gas pressure above lithostatic is inevitable, in the
absence of hydrofracturing, for all quantities of potential gas production. The
reason for this conclusion is that salt formation surrounding the repository requires
time to adjust to changing stresses and reach mechanical equilibrium (lithostatic
stress) (Section 5.1 .4).

7. Calculations assuming simulated permeable interbed fractures showed that gas-
storage pressures for a fully consolidated repository were sensitive to the presence
of interbeds and to assumptions about interbed porosity. Results from analysis of
a disposal room intersected by a gas-impermeable horizontal fracture suggest that
initiation of new cracks in pure halite by gas pressurization is not possible.
Unlike impermeable fractures, opening of gas-permeable fractures was predicted
to occur when lithostatic pressure is reached. In the simulation, the pressure
within the disposal room then remains constant at lithostatic pressure, and
additional volume for gas is generated by the opening crack. Additional
calculations are required, however, to demonstrate the applicability of these
disposal rooms’ performance. These results confirm the intuition that changes in
room performance are to be expected when the constraining assumption of a
perfectly sealed room is removed (Section 5.2).

8. Calculations to determine how a human intrusion alters closure of a gas-filled
disposal-room should be a top priority of the disposal-room modeling task in the
future (Section 6.1 ).

9. A coupled flow-closure calculation is described in Section 6.2 that eventually can
provide a means for refining the gas-generation model used in closure calculations
by including the dependence of corrosion processes on the availability of water.
This approach is considered bounding to the extent that it overestimates the
amount of water available for corrosion (Section 6.2).

10. A 2-D empty-room-panel calculation suggests that after 160 years, as closure
becomes extensive, results for single isolated-room or infinite-array
configurations, typical of rooms in the center of a panel, differ by less than 25%
from the closure of nonsymmetric end rooms in a panel. Similar calculations to
determine uncertainties attributed to 3-D effects introduced by intersections of
rooms with access drifts would be useful (Section 6.3).

11. Closure surfaces, or the data used to construct them, offer a means of
incorporating complex room closure response into more global performance
assessment numerical analyses (Section 7).
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Sandia National Laboratories
Albuquerque, New Mexico 87185

date: September 17, 1990

to: B. M. Butcher, 6345 and F. T. Mendenhall, 6345

m-y 9*f%~-
from: W. T. Brown, 1533 an J. R. Weatherby, 15

subject: Influence of Gas Generation Potential and Gas Generation Rate on the Performance of
CH-TRU Disposal Rooms

1 INTRODUCTION

Gases produced by decomposition and corrosion of waste and waste containers may cause
a slow build-up of pressure in the Waste Isolation Pilot Plant (WIPP ) Cent act Handled-
Transuranic (CH-TRU) waste disposal rooms. A previous study [1] provided an estimate
of the pressure history inside a leak-tight disposal room and the resulting creep response of
the surrounding salt formation. This study predicted that room pressures would exceed
the lithostatic stress level at the repository horizon, but that the principal stresses at

all locations in the salt formation would remain compressive. In other work [2], the

effect of gas generation on the extension of preexisting cracks was considered for the case

where gas pressure acts on the faces of the initial crack but is not able to permeate into
the formation ahead of the crack. Results from this study indicate that, under these
conditions, cracks which are one meter in length, or shorter, will not propagate as the
result of room pressurization for the rate and amount of gas generation considered.

This memo documents results of recent finite element analyses that consider rates and
amounts of gas generation that deviate from the baseline cases considered in [1] and [2].
The current study examines how changes in the gas potential (i.e., the total amount of
gas generated) and gas generation rate might influence the peak pressures and the degree
of w=te and backfill consolidation inside of the rooms. In addition, the gas loss rate that
would prevent the room pressure from exceeding the lithostatic stress level is estimated

for the gas generation history in the baseline case.

The boundary conditions and contents of the disposal room are the same as those assumed
in the analyses presented in [1] and [2]. A typical disposal room containing 68OOdrums of
CH-TRU waste is modeled with a two-dimensional, plane strain finite element model. Gas
generation is considered from both microbial decomposition and anoxic corrosion of the
waste. In the baseline case which is taken from [3], both mechanisms are assumed to be
active during the first 500 years, and gas is generated at a rate of 2.66 g-mole/drum/year.
From 500 years to 700 years, only microbial decomposition contributes to gas generation,
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and the gas generation rate drops to 0.86 g-mole/drum/year. At the end of 700 years,
gas production is assumed to cease completely.

The current study considers several cases which deviate from the baseline case. First,
the number of drums which generate gas was varied. This situation might arise, for
example, if corrosive mechanisms (such as liquid brine) act on only a portion of the
waste drums. Second, both the number of drums which generate gas and the rate of gas
generation per drum were varied. The rate of gas generation per drum may be reduced
by vitrification of some of the waste. Finally, a hypothetical situation was considered in
which gas begins to penetrate into permeable layers (e.g., clay seams, parting planes in
the salt, anhydrite marker beds) in the salt formation after the room pressure reaches the
Iithostatic stress level. This condition was simulated by stopping further pressurization
when the mom pressure reached the Iithostatic pressure. The change in room volume
was then determined as a function of time, and the amount and rate of gas loss required
to maintain the lithostatic pressure was computed from the ideal gas law.

2 DISPOSAL ROOM ANALYSES

2.1 The Finite Element Model

Figure 1 shows the SANCHO [6] finite element mesh used in the plane strain analysis; it

is the same mesh that was used in the original study [1]. Because of symmetry conditions,
only a quarter-section of the region shown in Figure 1 was actually included in the finite
element model. The waste, crushed-salt backfill, and intact salt were described in the
same manner as before. The boundary conditions which were applied in the analysis
simulate the conditions which exist around a deeply buried disposal room located near
the middle of a long string of equally spaced storage rooms. Both the left and right edges
of the mesh were fixed against horizontal motion. The lower edge of the mesh was fixed
against vertical motion because it represents a symmetry plane through the midheight
of the room. The stratigraphy was assumed to consist entirely of intact salt with no clay
seams, parting planes, or anhydrite beds included. The intact salt was given an initial

hydrostatic stress field (u= = au = ax) of 14.8 MPa, corresponding to the stress state

which is believed to exist at the repository horizon before excavation.

As in the earlier studies [1,2] , the elastic-secondary creep constitutive model described by
Kneg [4] was used for the intact salt. The material models and material constants used
for the waste and backfill (crushed salt) were identical to those used in the earlier studies
[1,2]. The values of the shear and bulk moduli were obtain by dividing the measured
values [4] by a factor of 12.5. The rationale behind reducing the elastic constants is
discussed in [5].

A-6



September 17, 1990B. M. Butcher and F. T. Mendenhall -3-

2.2 Gas Generation Potential and Gas Generation Rate

In both previous studies [1,2] of gas generation, each storage room was assumed to
contain 68oO drums of waste. During the first 500 years, microbial decomposition and
anoxic corrosion together were assumed to produce gas at a combined rate of 2.66 g-
moles/drum/yr. After the first 500 years, the gas production due to corrosion ended,
and only the microbial decomposition was assumed to continue at a constant rate of
0.86 g-moles/drurn/yr until 700 years. Finally, at 700 years, the gas production was
assumed to cease entirely.

As before, the finite element code SANCHO was modified to compute the room pressure
and
Wti
and

to apply the resulting forces to nodes on the room boundary [1]. The gas pressure
computed from the ideal gas law based on the current ‘void” volume jn the room
the total amount of gas in the room. This takes the form:

Pg =
NRT

V–vs’
(1)

where:

Pc = gas pressure in Pa

N = mass of gas in g-moles

R = gas constant = 8.23(m3 Pa)/(g-mole K)

T= 300 K

v= current volume of storage room in m3

Vs = volume of solids in the storage room = 1660 m3.

Table 1 shows how the volume of solids VS was determined; note that the current value
is slightly different from that used in the previous studies [1,2]. This difference arises
because of the air gap which is present at the top of the room in the design configuration.
In the present calculations, the gas press&e is computed assuming that the gap is m
present, but is instead fled with crushed salt. In [1,2], the air gap was treated as void
volume for the purpose of calculating the gas pressure.

The mass of gas present in the room at any time will be simply:

N(t)= fxDx ItNgdt
o

(2)

where D is the total number of drums, ~ is the fkaction of drums genera~ing gas, and
Ns is the appropriate gas generation rate per drum. In the baseline case, lVg was 2.66 g-
moles/drum/yr for the first 500 years and was 0.86 g-moles/drum/yr for the time period
from s00 years to 700 years. Table 2 contains a list of values of the constants appearing
in Equation 2 for each analysis case. In all cases, the total number of drums D was
assumed to be 6800.
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In Cases A,B, C, and D, the total gas generation potential was varied by reducing j
from 100% in Case A (the baseline case) to 20% in Case D. All other variables appearing
in Equation 2 were unchanged from the baseline values. This parameter study was
motivated by the possibility that only a fraction of the drums in the repository may
actually generate gas since some of the drums may not come into cent act with brine.

In Cases E and F, the gas generation rate N@wasreduced from the basefine ewe. Several

physical conditions might cause a reduction in the rate at which gas is generated. For
example, if some of the waste is vitrified then the rate of gas generation might be reduced
substantially. If the waste drums are in contact with water in its vapor form rather than
in its liquid form, the rate of gas production may also be considerably slower. We have
considered two hypothetical situations in which the rate of gas production is reduced. In

Case E, the fraction of waste drums producing gas j was assumed to be unchanged from
the baseline case, but the rate at which a single drum produced gas ~g was reduced to
20% of its baseline value. This was implemented by reducing N~ by a factor of S, and
extending, by a factor of 5, the time period in which gas generation occurs so that the
total amount of gas generated was the same as that in the baseline case. Case F models
a situation in which the fraction of drums generating gas is reduced to 20Y0, and the rate
of gas generation per drum is also reduced to 2070 of its baseline value. As in Case E,
the time period in which gas generation occurs is extended by a factor of 5 so that the
total amount of gas generated by each active drum is the same as in the baseline case.

Finally, we consider a situation in which the gas pressure does not exceed the magnitude
of the Iithostatic stresses. This was done by limiting the pressure (Equation 1) to 14.8
MPa. After this pressure level is reached, the void volume of the room can still change
because the intact salt and the backfill experience a creep response under the Iithostatic
load. We assume that a constant pressure level is maintained by loss of gas through flow
into permeable layers which intersect the disposal room. This is modeled by assuming
that the total amount of gas available is N = NC – NL, where NC is the mass of gas
generated and NL is the mass of gas which flows out of the room. Using Equation 1, this
leads to:

Pu
NL=NG– E (3)

and,
P%

tiL=tiG-~. (4)

Equations 3 and 4 apply after P reaches the constant lithostatic pressure of 14.8 MPa.
In both of these expressions, the pressure is held constant at 14.8 MPa and Vv = V – Vs

is the void volume.
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2.3 Results

Influence of Gas Potential

Cases A, B,C, and D show how the storage room response changes as the number of
drums generating gas is varied. In these analyses, the room was assumed to be filled
and sealed immediately after excavation, The calculations simulated the response for a
period of 800 years. Gas generation was assumed to begin immediately after the room
was sealed.

The dependence of the void fraction (V9/V) on the total gas generation potential is of
primary concern. Throughout these analyses, we assumed that both the waste and the
backfill could be compacted to full solid density. However, for some waste forms, this
may not be achievable under” lithostatic stress conditions. The time variation of the
void fraction in the room (waste + backjilz) is shown in Figure 2 for various values
of gas generation potential. In each case, the void fraction reached a minimum value
after approximately 140 years and then began to increase. Th.ismreinflation of the room
occurred before the room pressure exceeded the lithostatic stress level. However, as shown
in earlier studies [2], the maximum principal stresses in the vicinity of the room walls were
less than the Lithostatic load, and it was only necessary to exceed the value of these local
stresses (* 10 MPa ) to initiate reinflation of the room. There was a significant variation
of the minimum void fraction with change in gas generation potential. These values are
plotted in Figure 3 as a function of j. The “final” void fraction is defined as the void
fraction that will remain when the room pressure and stresses in the salt formation have
all returned to the Iithostatic condition. The calculations were not run long enough to
achieve this state; however, the final equilibrium void volume can be determined directly
horn Equation 1 because both the equilibrium value of Pg (14.8 MPa) and the total
number of moles of gas generated are known for each case. The equilibrium value of the
void fraction is also plotted in Figure 3 as a function of ~.

The corresponding pressure variations are shown in Figure 4. For each case, the peak
room pressure occurred at approximately 500 years - when the gas generation due to

corrosion was complete. The magnitude of the peak pressure varied, as expected, with
the gas generation potential. This variation is shown in Figure 5; note that all of the
predicted peak values are greater than the Iithostatic pressure (14.8 MPa). This plot
implies that the peak pressure approaches Iithostatic only as the gas potential approaches
zero. However, the results of this study are consistent with previous results in that all
stresses remained compressive even when the room pressure was larger than the lithostatic
pressure at the depth of the repository. As explained in the earlier study [1], the stresses
remain compressive because of the relatively slow rates of pressurization.

Influence of Gas Generation Rate

To investigate the effect. of varying the gas generation rate (~rg), this ~-aluewas reduced by
a factor of five from the baseline case. Two different cases were evaluated for a simulation
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time of4000 years. In Case E,alldrums generated gas, whereas in Case Fonly 20%of
the drums were assumed to generate gas. Figure 6 shows the void fraction as a function
of time for Cases A, E, and F. In both cases, the void fraction in the room reached a
minimum value after approximately 100 years. Since the final equilibrium value of the
void fraction in the room is only a function of the total amount of gas that is generated,
the equilibrium value of the void fraction for Case E will be the same as that for Case A,
and the equilibrium value for the void fraction in Case F will be the same as that for
Case D.

Pressure histories for Cases A, E, and F are shown in Figure 7. The values of peak
pressure estimated for a given value of gas generation potential did not vary significantly
with generation rate. However, the pressure built up at a much slower rate, which was
consistent with” the slower rate of gas generation.

Gas Loss

It is not presently possible to model gas diffusion in SANCHO. In all of the simulations
which model gas generation, the salt which constitutes the WIPP repository is assumed
to be completely impermeable to the flow of gas. In reality, permeable layers intersect the
walls of the storage room. Adequate information is not yet available regarding the change
in permeability of these seams with pressure; however, we considered a hypothetical
situation in which the gas began to penetrate into clay seams, anhydrite beds, and/or
parting planes in the salt when the room pressure reached the Iithostatic stress level. We
then calculated the rate at which gas must flow into these layers to prevent the room
pressure from exceeding the Iithostatic stress level.

In this simulation, the room pressure was allowed to vary according to Equation 1 until
reaching the lithostatic level (14.8 MPa). Beyond this point, the room pressure was
held constant at 14.8 MPa; however, the room volume continued to change as the salt
continued to creep. Although the gas pressure in the room was equal to the mean
Iithostatic stress, the stress distribution in the surrounding salt was not uniform, and the
salt continued to creep, causing the room volume to slowly increase. When the pressure
is constant but the room volume varies, then, according to the ideal gas law, the mass of
gas in the room must also change. We assume that any change in the gas mass is due to
a combination of gas generation and gas loss into the clay seams. The total amount of
gas loss and the rate of gas loss were calculated using Equations 3 and 4.

In this problem, the gas generation history was assumed to be the same as the baseline
case (Case A). The calculation was run out to 1000 years. Figure 8 shows the pressure
history which was computed horn the current simulation. After the room pressure reached
14.8 MPa at approximately 200 years, the pressure was held constant. The void volume in
the room is plotted as a function of time in Figure 9. As seen in the expanded plot (inset),
the void volume continued to slowly increase after lithostatic pressure was achieved in
the room.
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Thepredicted mass of gas generated and lost versus time is shown in Figure 10. The
amount of gas lost was less than the amount generated at any given time. At 500 and
700 years, the rates of generation and loss changed at approximately the same rates.
The rates of generation and loss are displayed in Figure 11, and the ratio of loss rate to
generation rate is shown in Figure 12 as a function of time. Prior to a time of about
180 years, there was no gas loss. At the time when gas loss was assumed to begin, the
rate of loss w= initially equal to 97% of the generation rate and slowly increased until
the two rates were almost equal. At 500 years, both rates dropped, and then the rate
of loss slowly increased. At 700 years, the generation rate dropped to zero; however,
because the cavity volume continued to increase slowly, the computed loss rate became
slightly negative. This may mean that a small amount of gas will diffuse back into the
cavity after gas generation has ceased, or it may indicate that the room pressure will
drop slightly below the lithostatic level if the gas generation is abruptly terminated.

3 SUMMARY

Results of these calculations show how reductions in gas generation potential increase

the degree of waste and backfill consolidation and reduce the peak gas pressure in the

disposal room. Even higher degrees of waste and backfill consolidation can be achieved
by reducing both the gas generation rate and the gas generation potential. Hopefully,
decreases in the amount and/or rate of gas generation can be achieved with modifications
to the waste or backfill.

A simple analysis was also conducted to determine the rate of gas loss from the disposal

room that would prevent the room pressure from exceeding the lithostatic stress level.

This analysis showed that the required rate of gas loss from the disposal room (e. g.,

into clay seams) must be approximately equal to the rate of gas generation to arrest the

buildup of pressure.
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Table 1. Total Volume and Void Fraction of Each Region inthe Storage Room.

Volume by Region Void Fraction

Volume of Drums = 1,817 m3 (64,125 ft3) 0.685
Volume of Backfill = 1,829 m3 (65,585 f33) 0.40

Total Solid Volume (VS):

VS = (0.315)(1,817)+ (0.6)(1,829) = l,670m3 (59,095ft3)

Table 2.

ECase

A

B

c

D

E

F

Pal

f

1.0

0.6

0.4

0.2

1.0

0.2

metel

D

6800

6800

6800

6800

6800

6800

~om Equation 2 Defining the Gas Generation History.

1
Ng TIME PERIOD

(g-moles/drum/year)

2.66 0 years < t <500 years

0.86 500 years < t <700 years
o. t >700 years

2.66 0 years < t <500 years

0.86 500 years < t <700 years
00 t >700 years

2.66 0 years < t <500 years

0.86 500 years < t <700 years
o. t >700 years

2.66 0 years < t <500 years
0.86 500 years < t <700 years

o. t >700 vears

0.532 0 years < t <2500 years
0.172 2500 years < t <3500 years

o. t >3500 vears.

0.532 0 years < t <2500 years
0.172 2500 years < t <3500 years

o. t >3500 vears
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Figure 1. Plane Strain Finite Element Model ofa TRV Storage Room
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Figure 2. Void fraction in the room as a function of time for Cases A, B, C, and D.

The rate and amount of gas generation per drum was the same as the
baseline value in all four cases. Only the number of drums generating gas
was varied between the four cases.

A-15



B. M. Butcher and F. T. Mendenhall -J2- September 17, 1990

60 I i I 1 I I 1 I I I I i I I I I I I I I I I I I

P -

A-16

C.” M
‘tiinimum

L

o “
I I 1 1 1 # # 1 * I 1 1 1 1 I 1 1 t 1 1 I I m 1 I

o 20 40 60 80 100

Fraction of Drums Generating Gas (%)

Figure S. Minimum void fraction and final equilibrium void fraction asa function of
the fraction of drums generating gas. The final void fraction is defined as
the void fraction that will remain when the room pressure and stresses in
the salt formation have all ret urned to the lithest atic condition. These
results were obtained from the finite element analyses of Cases .4, B, C,
and D. The rate and amount of gas generation per drum w-as the same as
the baseline value in all four cases. Only the number of drums generating
gas was variea betwem the four cases.
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Figure 5. Peak pressure in the disposal room as a function of the fraction of drums
generating gas. These results were obtained from the finite element
analyses of Cases A, B, C, and D. The rate and amount of gas generation
per drum was the same as the baseline value in all four cases. Only the
number of drums generating gas was varied between the four cases.
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Figure 8. Pressure history for a disposal room in which the internal pressure is
constrained to remain at, or below the lithostatic stress level.
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Figure 11. Comparison of the gas generation rate as a function of time to the gas
loss rate as a function of time required for constant room pressure
(PS = 14.8 MPa). After gas generation has ceased (inset.), the loss rate
becomes negative, indicating a small flow rate of gas back into the
disposal room.
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External Memorandum

m: Dr. fied T. Mendenhall
Sandia National Laboratories
Organization 6345
P.O. Box 5800
Albuquerque, NM 87185-5800
cc: Dr. Barry M. Butcher (Sandia Division 6345)

Mr. C. A. Madole (Sandia Division 3716)
Mr. Duane A. Labreche (RE/SPEC)
Project Records File 217/GRIO

P.O. Box 725
Rapid City, SD 57709

Date: March 13, 1992

Subject: Further Discussion of the TRU Waste Model
(Sandia Contract No. 78-7829)

Introduction

The purpose of thu memorandum is to present additional discussion on the
TRU waste model discussed in Callahan and DeVriea [1991] and hopefully clarify
some of the s’nconsiutencsku discussed by Dr. Butcher in his memoraudurn dated
March 4, 1992.

TRU Waste Model Discussion

The basic equation used to describe the TRU waste behavior is

u~ = : in(:) (1)

3824JetDrive P.O.Box 725,RapidCity,SouthDakoa57709●(605)394-6400.TLX3791625RESPEC●FAX(605) 394-6456
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Then, the questions are: what is the impact of Assumption (2) on the waste
parameters, and what is the impact of these different parameter values on the
results?

To answer these questions, we will first examine

which is defied as
= du. d($ dp

‘——d~ dp dcw

the tangent bulk modulus,

(2)

Mean stress is substituted into Equation 1 for the two different assumptions. First,
substituting am = ca/3 and performing the differentiation indicated in Equation 2
on Equation 1 results in

~(p) = ‘2
31Cpo(pj– p)

(3)

For the second assumption, substituting am = cra and performing the differentiation
indicated in Equation 2 on Equation 1 results in

K(p) = “
Kpo(pf - p)

(4)

With the second assumption, we see that the TRU waste is three times stiffer than
that obtained using the fit assumption. Thw is also shown in Figure 1, whkh is a
reproduction of Figure 2-7 in Callahan and DeVries [1991] for the series model. In
Figure 1, the ordinate has been changed from om”uf8treu to rraccm dregu, and the
series model representation (squares) for the second assumption has been added.
The ordinate was changed to mean stress to avoid confusion. The confusion is
apparent because Dr. Butcher states in his memorandum that Callahan’s Figure
2-7 supports a porosity of 24 percent at lithostatic pressure (15 MPa). A lithostatic
pressure of 15 MPa implies that o=. = an = C= = 15 MPa. However, the inherent

assumption in Figure 2-7 was that the lateral components were zero. Thus, to
acMeve a mean stress of 15 MPa (under Assumption (l)), the axial stress would
have to be 45 MPa. Also, we see from Figure 1 that at a lithostatic value of 15
MPa, the curve (circles) generated for Assumption (1) yields a porosity value of
about 4 percent.

Although there is a significant difference between the curves obtained using the
two assumptions, the procedure for adopting Assumption (2) to produce the stiffer
TRU waste model is simple. To obtain TRU stiffnesses according to Assumption (2),
material parameter x is dkided by 3. Therefore, the same material model adopted
for the TRU waste and included in SPECTROM-32 can be
stiffer TRU waste and obtain the higher values of porosity.
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New Crushed Salt TRU Waste Model Analysis

To illustrate the influence of Assumption (2) on the room scale results, the
problem representing the room filled with TRU waste and covered with crushed
salt as reported by Callahan and DeVries [1991] was run with TRU waste proper-
ties dictated by Assumption (2). The results of this analysis (Iabelled am = ~.) are
compared with the results (labelled am = 0./3) generated via Assumption (1) as
reported by Callahan and DeVries [1991] in Figures 2 through 4. Figure 2 comparea
the vertical and horizontal room closures from the two analyses, and as expected,
the stiffer TRU waste model produced the least amount of room closure. Figure
3 compares the mean stress histories at different locations. Figure 4 shows the
average void fraction results obtained for the two different TRU waste representa-
tions. Figure 4 is comparable to Figure B-6 given in Callahan and DeVries [1991].
The SANCHOresults were removed, and the SPECTROM-32 results obtained by
replacing material parameter x by It/3 are included. The results show that the
stiffer TRU waste model indeed causes the crushed salt backfll to consolidate more
rapidly, although the change is moderate. The TRU waste exhibits an average void
fraction of about 36 percent after 200 years for the stiffer model, which is a substan-
tial increase from the previous result (about 3 percent). The average void fraction
in the room is about 18 percent after 200 years for the stiffer model compared to
the previous result of about 1 percent.

Conclusions

Two different methods were used to generalize the TRU wwhe functional form
(Equation 1) to threc+dimensional states of stress. The two methods produce TRU
waste stiffnesses that vary by a factor of 3. The results produced by these two
generalizations can be substantially different. The first generalization (Assumption
(l)) produces conservative results with respect to the backfill material; whereas, the
second generalization (Assumption (2)) produces conservative results with respect
to the TRU waste when porosity is the variable being considered in a typical disposal
room environment.
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SandiaNationallaboratories

Albuquerque, New Mexico 87185

Date June 26, 1990

To: Barry Butcher (6345)
Fred Mendenhall (6345)

From Peter Davies (6344) ~?~ti

Subject Observations on Interbed Pressurization from Recent 2-Phase, Waste-Generated Gas
Simulations

The purpose of this memo is to provide you with some preliminary, but possibly significant, results
from a recently completed, long-term, waste-generated gas simulation that explicitly includes
interbeds. This simulation focuses on a disposal room in a panel, i.e. there is a no-flow boundary at
the pillar centerline located -16 m from the outside edge of the room (Figure 1). The room is
surrounded by halite with a permeability of 10-20 m2. In addition to the halite, the simulation
includes two interbeds, Marker Bed 139 below the room and anhydrite “b”above the room, both with
permeabilities of 10-19 m2. Threshold pressures are specified at 23 MPa in the salt and 0.3 MPa in
the interbeds. The room is configured in an “intermediate” closure state, i.e. it has dimensions and
void volume taken from the minimum void volume reached in the coupled gas/closure calculations
reported by Weatherby et al. (1 1-14-89 memo). The two interbeds are connected to the room using
a “fracture-like” connection through the DRZ that allows direct hydraulic communication between
the room and the interbeds. Gas generation is specified at Larry Brush’s estimated values from the
SEIS. Fully coupled gas and brine flow is simulated using the ECLIPSE multiphase simulation code.

What I would like to highlight in the simulation results is the nature of gas breakthrough and
pressurization in the interbeds. Gas pressure builds in the room until a point (at about 70 years)
where gas pressure in the room (7-8 MPa) is sufficient to drive gas upward into anhydrite “b”(Figures
2, 3, and 4). Once this breakthrough occurs, gas propagates relatively rapidly through the interbed
and by slightly over 100 years, the interbed has reached the upper limit of gas saturation (- 75%, given
the specified capillary pressure curve) (Figure 2). Also note that once gas has entered the interbed,
gas pressure within the interbed follows the room pressure quite closely (Figure 3),

Because brine has a much higher density than gas, brine entering the room tends to accumulate in the
lower part of the room, which causes Marker Bed 139 to remain isolated from the gas for a much
longer period of time (Figures 4 through 8). This occurs because the high water saturation in the
lower portion of the room keeps the relative permeability to gas very small. Only after the brine in
the lowermost part of the room has been driven out and this lower area reaches higher gas saturations
does the relative permeability to gas rise to a level that allows gas penetration into Marker Bed 139
(beginning at approximately 200 years) (Figures 5, 7). Once initial penetration has occurred, gas
propagates laterally through the interbed in a fashion similar to the earlier lateral propagation through
anhydrite “b” (Figure 7). Also similar to anhydrite “b”, once gas has penetrated the interbed, its
pressure within the interbed follows room pressure quite closely (Figure 8).

The primary observation that I would like to draw your attention to is that given our current
measurements and estimates of physical properties, gas readily penetrates, flows along, and pressurizes
interbeds that are hydraulically connected to the room (in this case connected via the DRZ). Also,
once penetration occurs, gas pressure in the interbed tracks gas pressure in the room quite closely.
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This behavior raises a fundamental question about the nature of the coupled hydrologic/mechanical
response to high gas pressures. It is likely that the primary source of permeability in the interbeds
is features such as the subhorizontal, preexisting, partially healed fractures identified by Borns ( 1985).
Because these interbeds are likely to pressurize over a laterally extensive area and because the gas is
likely to be located in discrete fractures, the response to pressures in excess of lithostatic may well
“be dilatation and possibly interconnection of the existing fractures to whatever degree is necessary
to allow gas flow outward in order to relieve gas pressure in the room. In other words, if room
pressure were to reach levels in excess of lithostatic, it is not a question of propagating anew fracture
of unknown orientation outward from a disposal room, but rather, of dilatation and interconnection
of pre-existing fractures, causing a temporary increase in permeability that enhances outward flow
of gas.

I think that this scenario is worth exploring further and I would suggest that the coupled gas/closure
calculations reported in the Weatherby et al. 3-28-90 memo would be a logical place to start. These
calculations focused on a crack extending laterally from the room. However, the crack was only
considered permeable to gas over the first meter and was considered to have ~ permeability to gas
beyond that. As a first cut, it might make sense to work this same problem with the crack that is

leto~o ver its entire _ . The critical process to monitor in this type of simulation will
be the dilatation of the fracture.

One final note of caution. These simulations are preliminary. We have a number of important model
components that have not yet been implemented and we have a ~ amount of sensitivity work to
do. Therefore, the results should be viewed from the standpoint of the processes and system behavior
that they suggest. These results should not be taken as a quantitative prediction of specific brine and
gas flow rates, gas pressures, etc.; nor are they appropriate input for performance assessment
modeling. The reason for communicating these results at this relatively early stage is that they may
have fundamental, conceptual implications about the nature of interbed pressurization and the nature
of gas release under high pressure conditions.
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Datw

To:

From:

October 4, 1990

Fred Mendenhall (6345)

Gikoe=
Peter Davies (6344)

Sandia National laboratories

Albuquerque, New Mexlco871E5

Subjecti First Fluid Pressurization Data Set for Inter&d/Fracture Dilatation Calculations

Attached is the first fluid pressurization data set (hard copy and floppy) for input to the preliminary
interbed/fracture dilatation calculation. This data set is for an interbed overlying a waste disposal
room assuming fixed “inundated” gas generation rates, an intermediate room closure state, and 1E- 19
m2 permeability in the interbeds. The configuration of this simulation is shown schematically in
Figure 1. This calculation was used as the “example” simulation in my September 19th presentation
to the NAS WTPPpanel and the handout from that presentation contains a suite of plots showing the
overall 2-phase flow behavior. Figures 2 and 3 of this memo show the gas saturation history and the
gas pressure history (respectively) for a group of observation grid blocks along the upper”interbed.
Table 1 contains a listing of principle assumptions, information about the location of observation grid
blocks, and a large table with gas saturation, gas pressure, and brine pressure.

There are two potentially important differences between the current geometry of the 1520 fracture
model and the 2-phase flow model used to generate the fluid pressure information 1) In the fracture
model, the horizontal fracture/interbed directly intersects the room at its midpoint, whereas in the
2-phase flow model, the interbed of interest is located 2.1 meters above the room. However, in the
2-phase flow model, the interbed is connected to the room by high transmissibility connections that
represent disturbed-rock-zone fracturing, rock bolting, and/or vertical boreholes. 2) In the fracture
model there is only one fracture/interbed, whereas in the 2-phase flow model there are two interbeds
and gas flow into the lower interbed reduces that amount of gas getting into the overlying interbed.

For future simulations, I think that we will need to use a finer grid in the vicinity of the migrating
gas front and that we will need to record the pertinent saturation and pressure information at many
more blocks. While this will require more effort than the present simulations, I see no problem in
being able to run this more refined grid.

While there are some differences model configumtion, I think that this data set will be sufficient to
get the mechanical component of this interbed/fracture dilatation analysis through a preliminary
round of calculations. In future iterations, I think that we can configure both the 2-phase flow and
geomechanical models to provide a tightly coordinated analysis.
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1.1 OE-O4 0.24 O.owo 0.30 O.m
3.s62-04

6.03 o.Ooao 10.36 O.omo 10.95 0.0000 10.%
0.24 O.oow 0.30 O.woo 6.05 0.0000 10.36 9.0000 10.9s O.0000 10.9s

l.lm-os 0.24 0.- 0.30 O.m 6.05 0.0000 10.36 O.oom 10.95 O.oow 10.9s
3.31E-03 0.24 O.m 0.30 O.anm 6.04 0.0000 10.3s O.woo 10.93 0.- 10.9s
9.972-03 0.24 0.0000 0.30 0.0000 6.04 0.0000 10.35 0.0000 10.95 O.m 10.95
2.992-02 0.24 0.0000 0.30 0.0000 6.02 0.0000 10.34 0.0000 10.95 0.0000 10.95
8.982-02 0.24 0.0000 0.30 O.woo 5.98 O.m
2JWE-01

10.32 0.- 10.95 O.wao 10.%
0.26 0.0000 0.30 0.0000 5.ss O.owo 10.26 0.0000 10.95 0.0000 10.95

6.572-01 0.29 0.0000 0.32 O.woo 5.62 0.0000 10.12 O.aooo 10.93 0.0000 10.9s
1.41E+O0 0.34 O.woo 0.37 0.- 5.28 O.m 9.87 O.owo 10.9s O.woo 10.93
2.41E+O0 0.42 O.oaoo 0.44 0.= 4.97 O.ootm 9.57 O.owo 10.95 0.0000 10.95
3.41E*W 0.49 O.woo 0.51 O.m 4.74 0.0000 9.30 0.0000 10.95 0.0000 10.95
4.41E@0 0.57 0.0000 0.S8 O.oo(m 4.s7 O.0000 9.06 O.woo 10.93 0.0000 10.95.
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+ 5.61E~ 0.64 0.000o 0.6s O.oow 4.44 O.oom 8.64 Owoo 10.95 I O.oow I 10 H
6.41E+O0 o.n O.0000 0.72 0.0000 4.34 O.oom 8.65 0:Oooo 10.95 o.oaOO 10:95
7.41E+W 0.60 0.oOoo 0.79 O.= 4.26 O.owo 8.42 0.000o ~o.95 o.oOoo 10.95
8.41E+O0 0.87 O.oow 0.8? 0.000o 4.20 O.wao 8.33 O.oow 10.95 O.owo 10.95
9.41E+O0 0.95 0.0000 O*W O.0000 4.15 O.oow 8.19 0.oOoo 10.95 O.woo 10.95
1.W+ol 1.03 0.oOoo 1.02 0.0000 4.12 0.000o 8.07 O.owo 10.95 O.ooao 10.95
1.142+01 1.10 O.m 1●W O.woo 4.W o.ooOO 7.% O.owo 10.95 O.woo Ion
1.24E+01 1.18 O.owo 1.17 O.oow 4.07 0.0000 7.86 0.000o ~o.% O.owo 10.95
1.34E+01 1.26 0.ooOO 1.24 0.oOoo 4.06 O.oow 7.T? O.woo 90.95 0.000o 10.W
1.44E+01 1.33 0.- 1.32 0.- 4.06 0.oOoo 7.69 O.m *O.% 0.= 10.95
1.54E+01 1.41 O.oow 1.39 0.Oooo 4.06 0.000o 7.62 O.woo 10.95 0.ooOO 10.95
1.W+ol 1.49 0.oOoo 1.47 O.woo 4.06 0.0000 7.55 O.oow 10.95 0.0000 10.95
1.742+01 1.5? o.0000 1.s5 O.woo 4.0? O.owo 7.49 0.ooOO 10.95 0.000o 10.95
1.642+01 1.64 O.woo 1.e O.owo 4.W O.oow 7.44 0.0000 10.95 O.woo 10.95
1.94E+01 1.72 O.oow 1.70 O.woo 4.10 0.oOoo 7.s9 0.000o 10.95 O.oow 10.95
2.04E+01 1.60 O.woo ten O.0000 4.12 0.oOoo 7.34 0.000o 10.95 0.oOoo 10.95
2. 14E+01 1.82 O.owo 1.65 O.oalo 4.14 0.ooOO 7.30 O.oow 10.95 0.ooOO 10.95
2.24001 1.% O.m 1.93 O.woo 4.17 0.ooOO 7.27 O.woo 10.95 0.0000 10.95
2.342+01 2.03 O.woo 2.01 0.000o 4.19 0.ooOO 7.24 0.Oooo 10.95 O.owo 10.95
2.44E+01 2.11 0.oOoo 2.W O.m 4.22
2.542+01

O.oolto 7.21 0.oOoO 10.95 0.ooOO 10.%
2.19 0.0000 2.16 O.owo 4.25 0.Oooo ?.18 o.Oooo 10.95 0.0000 10.95

2.64001 2.2r O.owo 2.24 0.0000 4.22 O.owo 7.16 O.owo 10.95 0.Oooo 10.95
2.742+01 2.35 0.000o 2.32 0.0000 4.31 0.oOoo 7.14 O.m 10.95 O.oowl 10.B
2.84E+01 2.43 O.woo 2.40 O.owo 4.35 0.000o 7.12 O.woo 10.95 O.oow 10.B
2.94E+01 2.s1 0.000o 2.42 O.owo 4.32 0.000o
3.04E+01

?.10 O.0000 10.95 0.000o 10.95
2.59 O.woo 2.55 0.Oooo 4.42

3.142+01
O.oow 7.W 0.000o io.95 O.0000 10.95

2.67 0.000o 2A$ O.owo 4.46 0.ooOO 7.02 0.000o 10.95 O.m
3.24E+01

10.95
2.74 0.Oooo 2.71 0.oOoo 4.49 o.oaOO 7.07 0.000o

3.34E401 2.82
10.95 0.000o 10.95

0.Oooo 2.79 0.- 4.53 0.0000 7.06 0.oOoo 10.95 O.woo 10.B
3.44E+01 2.90 O.owo 2.87 0.- 4.57 O.ww 7.06 0.0000 10.95 O.= 10.95
S.34E+OI 2.98 O.oaoo 2.95 0.0000 4.62 O.owo 7.05 O.owo 10.95 O.oam 10.95
3.642+01 3.W O.0000 3.03 0.0000 4.U O.m
3.74E+01

7.05 O.owo 10.95 O.woo to.95
3.14 0.0000 3.11 0.0000 4.70 0.Oooo 7.03 0.000o 10.95 0.oOoo 10.s

3.64E+01 3.22 0.Oooo 3.19 O.owo
3.94E+01

4.n o.oOoo 7.05 O.woo 10.95 O.woo 10.95
3.30 O.aow 3.27 0.- 4.W o.oOoo 7.05 O.owo 10.95 0.000o 10.B

4.042+0 1 3.32 O.owo 3.34 O.oow 4.84 0.ooOO 7.06 0.0000 10.95 0.-
4.142+0 1 3.46

10.95
0.- S.42 O.woo 4.m O.owo 7.M 0.000o 10.95 0.000o 10.95

4.24E+01 3*54 0.000o 3.50 0.0000 4.93 O.woo 7.0 7 O.woo Io.w 0.-
4.342+0 1

10.95
S*62 O.0000 3.36 0.0000 4.98 0.000o 7.0 7 O.owo 10.M 0*0000 10.%

4.44E+01 3.70 0.000o 3.66 0.- 5.0 2 O.owo 7.02 0.oOoo 10.% O.0000 10.95
4.542+0 1 3.n 0.000o 3.74 O.oow 5.0 7 O.owo 7.W o.oOoo lo.% O.aooo
4.642+0 1 3.86

10.95
O.oow 3.82 0.Oooo 5.1 2 0.000o 7.10 0.000o 10.94 0.000o 10.95

4. 74E+0 1 3.% O.0000 S.90 0.- 5.1 7 O.owo 7.1 1 0.ooOO lo.% O.owo Io.m
4.84E+01 4.02 0.0000 3.9@ O.0000 5.2 2 0.oOoO 7.1 2 0.0000 10.94 0.000o 10.95
4.9200 1 4.09 O.m 4.W o.Oooo 5.2 6 .0.0000 7.1 3 O.owo lo.% O.0000 10.95
5.00E+O1 4.15 O.cmoo 4.1 1 O.oow 5.30 0.000o 7.1 4 O.woo 10.94 0.oOoo 10.95,
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. 222+02 9.69 0.2s21 9.M 9.34 O.owo 9.1s ooOoo 9.07 0.Oooo Io.w OMOO
1.222+02 9.73 9.18 “

10.9s’
0.2334 9.73 9.38 O.owo 0.000o 9.W O.owo 10.W :Oowo 10.95

1.232+02 9.n 0.2537 9.73 9.39 O.oow 9.18 0.- 9.10 0.000o 10.W o.oOoo 10.95
1.23002 9.74 0.2540 9.74 9.40 0.000o 9.19 0.- 9.10 O.woo 10.W O.wao 10.93
1.232+02 9.73 0.2547 9.75 9.41 0.000o 9.20 0.000o 9.10 O.m Io.w O.oow 10.95
1.232+02 9.76 0.2546 9.76 9.41 0.000o 9.20 O.m 9.11 0.000o 10.W o.oOOo Io.m
1.2X42 9.76 0.2550 9.76 9.41 0.00Q0 9.20 0.ooOO 9.11 o.aooO 10.W 0.000o lo.%
1.232402 9.?6 0.2552 9.76 9.42 0.- 9.21 O.woo 9.11 O.oow 10.W o.ooOO Ion
1.232+02 9.77 0.2556 9.77 9.42 0.000o 9.21 0.oOOo 9.11 0.0000 10.W 0.000o 10.95
1.232+02 9.72 0.2%2 9.72 9.43 O.owo 9.22 O.ww 9.12 O.m 10.W O.woo 10.93
1.232+02 9.79 0.23W 9.79 9.44 0.Oooo 9.23 0.000o 9.12 O.owo Io.w O.oow 10.9s
1.242402 9.81 0.2560 9.81 9.47 O.woo 9.23 0.000o 9.13 0.0000 10.W 0.000o 10.95
1.24E+02 9.65 0.2594 9.E5 9.30 O.oow 9.27 0.000o 9.15 0.oOOo 10.28 O.oow 10.93
1.2S002 9.90 0.2615 9.W 9.5s 0.000o 9.31 0.0000 9.17 0.oOoo 10.08 0.oOOo 10.95
1.2&+02 9.98 0.2641 9.90 9.62 O.woo 9.37 0.000o 9.21 0.oOoo 10.68 O.woo 10.95
1.272+02 10.05 0.2665 10.0s 9.69 0.000o 9.43 O.oow 9.24 O.woo 10.83 0.- 10.95
1.282+02 10.12 0.2LW1 10.12 9.77 0.- 9.48 O.m 9.28 O.ww 10.68 0.oOoo 10.95
1.292+02 10.20 0.2721 10.20 9.in o.ooOo 9.54 O.woo 9.31 O.owo 10.IBI 0.000o 10.95
1.30E+02 10.27 0.27s2 10.27 9.91 0.oOOo 9.60 0.oOOo 9.34 0.oOoo 10.62 0.000o 10.95
1.31E402 10.34 0.2776 10.34 9.m O.m 9.65 O.owo 9.38 O.woo 10.W O.owo 10.93
1.322+02 10.42 0.28W 10.U 10.03 0.000o 9.71 0.000o 9.41 O.woo 10.6S O.owo 10.B
1.33Ew2 10.49 0.2826 10.49 10.12 O.oow 9.W O.owo 9.4s o.oOoo 10.- O.owo 10.93
1.342+02 10.56 0.2652 lo.% 10.19 O.oow 9.83 O.woo 9.4a o.ooOO 10.8U O.oow 10.95
1.35002 10.64 0.2879 10.64 10.26 0.Oooo 9.W o.oOOo 9.52 0.oOOo Io.m 0.000o 10.93
1.362402 10.71 0.2907 10.71 10.33 O.woo 9.95 0.000o 9.36 0.oOoo 10.66 O.woo 10.93
1.37VQ2 10.78 0.2937 10.78 10.40 0.- 10.01 0.000o 9.59 0.0000 10.88 0.000o 10.95
1.3&@2 10.65 0.2WJ 10.05 10.47 0.0000 lo.a o.oOOo 9.63 0.- 10.87 0.000o 10.95
1.392+02 10.93 0.2999 10.93 10.54 O.oow 10.14 0.oOOo 9.67 0.oOoo 10.87 0.0000 10.95
1.4CC+02 11.00 0.3026 11.00 10.61 O.woo 10.20 0.oOoo 9.70 0.oOoO 10.67 0.000o 10.93
1.41E+02 11.07 0.3052 11.07 10.6? O.m 10.26 0.000o 9.74 0.oOoo 10.87 0.- 10.95
1.422402 11.14 0.30W 11.14 10.74 D.oOOo 10.33 0.- 9.n O.omo 10.87 O.owo 10.95
1.43002 11.21 0.5111 11.21 10.81 O.oow 10.40 O.owo 9.02 0.0000 lo.8r O.woo 10.95
1.44E+0211.26 0.3142 11.28 10.W o.oOoo 10.46 0.000o 9.86 0.000o 10.87 0.000o 10.95
1.452+02 11.35 0.3173 11.35 IO.* o.oOoo 10.56 0.000o 9.90 0.oOoo 10.87 0.000o 10.95
1.46E+Q2 11.43 o.320a 11.43 11.01 0.000o 10.63 0.000o 9.94 0.oOoo 10.87 0.Oooo 10.95
1.472+02 11.50 0.3242 11.50 11.00 0.oOoO 10.70 O.ooao 9.96 o.oOao 10.8r Oowoo lo.%
,1.482+02 11.57 0.3272 11.571 11.14 O.woo 10.77 0.000o 10.02 0.= 10.87 O.oow 10.95
1.422+02 11.57 0.3273 11.s7 11.15 O.woo Ion o.oaoO 10.02 0.oOOo 10.87 oooOoo 10.95
1.42E+Q2 11.50 0.3279 11.36 11.16 O.owo 10.79 O.owo 10.03 0.0000 10.87I o.oOoo 10.93
1.4aE+02 11.60 0.3286 11.60 11.17 0.000o 10.EO o.- 10.03 0.000o 10.87 O.woo fo.%
t.49E+02 11.62 0.329s 1?.62 11.19 0.oOoo Io.a 0.000o 10.03 0.oOoO 10.87 0.Oooo 10.s
1.492+02 11.65 0.3311 11.65 11.22 0.ooOO 10.86 O.woo 10.07 O.woo 10.87 0.000o 10.95
1.51w02 11.68 0.3325 11.68 11.25 0.0003 10.W O.oaoo 10.W O.owo 10.87 0.000o 10.95
1.502+02 11.71 0.3339 11.71 11.28 0.0013 11.22 90.92 0.0000 10.10 O.oow 10.87 0.oOoo 10.95
1.51E+02 lt.n 0.3372 11.78 11.35 0.0076 11.31 11.0? O.ooao 10.15 O.woo 10.87 O.woo 10.95
1.522+02 11.63 0.340U 11.851 11.41 0.0195 11.42 11.12 O.oow 10.19 O.owo 10JM O.owo 10.93
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.84E+02 18.31 0.608s 10311 16.74 Om 18.14 16.5r 0.6118 1?.80 16.19 02662 1420 1384 Ooooo’ lo.e
2.842402 18.31 0.6086 18:31] 16.75 0:6086 18.14 16.58 0.6119 17.81 16.19 0:2663 14:21 13:83 0:oOoo lo.m
2.842+02 18.32 0.W88 18.32 16.75 0.6088 18.15 16.58 0.6121 17.82 16.20 0.2715 14.23 13.87 0.Oooo 10.95
2.85E402 18.% 0.6091 18.34 16.76 O.ml 18.17 16.60 0.6125 17.84 16.21 0.2764 ?4.26 13*W O.m 10.W
2.862+02 18.36 0.6095 18.36 16.78 0.60W 18.20 16.61 0.6130 17.86 16.23 0.2840 14.32 13.94
2.862+02 18.37

O.woo 10.95
0.6095 18.37 16.78 0.60% 18.20 16.62 0.6131 17.86 16.23 0.2847 14.32 13.95 0.oOoo lo.%

2.86E+Q2 18.37 h O.m 18.37 16.79 0.60W 18.20 16.62 0.6132 17.87 16.23 0.2856 14.33 13.95 0.ooOO 10.93
2.862402 18.37 0.6097 18.37 16.79 0.6097 18.20 16.62 0.6133 17.87 16.23 0.= 14.34 13.% 0.000o 10.95
2.86002 18.38 0.6098 18.38 16.79 0.6099 18.21 16.63 0.6134 17.88 16.24 0.2W0 14.35 13.97 O.woo lo.n
2.862+02 18.39 0.6100 18.39 16.89 0.6101 18.22 16.63 0.6137 17.89 16.25 0.2924 14.37 13.W
2.872+02 18.39

0.oOoo 10.95
0.6100 18.39 16.W 0.6101 18.22 16.64 0.6137 17.W 16.25 0.2929 14.38 13.W 0.000o 10.95

2.872+02 18.40 0.6100 18.39 16.81 0.6101 18.23 16.64 0.6137 17.W 16.25 0.2935 14.38 14.00 0.Oooo 10.95
2.872+02 18.40 0.6101 18.40 16.81 0.6102 18.23 16.64 0.6138 17.90 16.25 0.2%s 14.39 14.00 0.000o 10.*
2.87E+Q2 18.40 0.6102 18.40 16.81 0.6103 18.24 16.64 0.6139 17.90 16.26 O.*1 14.40 14.01 0.- 10.93
2.87Ee2 18.41 0.6103 18.41 16.82 0.6104 18.24 16.65 0.6141 17.91 16.26 0.2W7 14.41 14.03 0.0000 IO*W
2.88E+02 18.U 0.6105 18.42 16.83 0.6107 18.26 16.66 0.6144 17.92 16.27 0.3025 14.44 14.05 0.0000 10.95
2.88002 18.43 0.6106 18.43 16.83 0.6107 18.26 16.66 0.6144 17.93 16.27 0.3031 14.44 14.05 0.oOoO 10.95
2.88E@2 18.43 0.6106 18.43 16.83 0.6107 18.26 16.66 0.6145 17.93 16.28 0.3039 14.45 ?4.0s o.oOoo 10.95
2.882+02 18.43 0.6107 18.43 16.83 0.6108 18.26 16.66 0.6146 17.93 16.28 0.3030 14.46 14.06 0.Oooo 10.%
2.88E+02 18.43 0.6107 18.43 16.83 0.6108 18.27 16.66 0.6146 J7.93 16.28 0.3052 14.46 14.06 0.Oooo 10.95
2.882402 18.43 0.6107 18.43 16.83 0.61@3 18.27 16.67 0.6146 17.93 16.28 0.3034 14.46 14.06
2.882+02 18.44

0.Oooo 10.93
0.6107 18.43 16.8S 0.61W 18.27 16.67 0.6146 17.94 16.28 0.3058 14.46 14.06 0.ooOO 10.95

2.882+02 18.44 0.6108 18.44 16.84 0.61W 18.27 16.67 0.6147 17.94 16.28 0.3064 14.46 14.07 O.owo 10.93
2.882+02 18.44 0.6108 18.U 16.84 0.61W 18.27 16.67 0.6147 17.94 16.28
2.882+02 18.U

o.3on 14.47 14.07 0.- 10.95
0.61W 18.44 16.84 0.6110 18.28 16.67 0.6148 f7.95 16.29 0.3006 14.48 14.08 O.owo 10.%

2.88E+02 18.45 0.6110 18.45 16.85 0.6112 18.28 16.68 0.6150 17.95 16.29 0.31W 14.49 14.09 0.ooOO 10.95
2.89E+02 18.46 0.6112 18.46 16.85 0.6114 18.29 16.69 0.6152 17.% 16.30 0.3139 14.51 14.11 O.owo
2.WE+02 18.46

10.95
0.6112 18.46 16.86 0.6114 18.30 16.69 0.6152 17.97 16.30 0.3144 14.S2 14.11 0.oOoo 10.95

2.892+02 18.4f 0.6113 18.46 16.86 0.6114 18.30 16.69 0.6153 17.97 16.30 0.3150 14.32 14.11 0.ooOO 10.95
2.892+02 18.47 0.6113 18.47 16.86 0.6115 18.30 16.69 0.6154 17.W 16.31 0.314M 14.53 14.12 0.oOoo Io.m
2.m+02 18.47 0.6114 18.47 16.86 0.6116 18.31 16.70 0.615S 17.- 16.31 0.3175 14.% 14.13 O.owo 10.95
2.8%+02 18.48 0.6116 18.48 16.87 0.6117 18.32 16.70 0.6156 17.W 16.31 0.3200 14.55 14.14 O.owo 10.93
2.892+02 18.48 0.6116 18.48 16.87 0.6118 18.32 16.70 0.61S7 17.W 16.32 0.3204 14.36 14.14 O.woo 10.95
2.9aE+02 18.48 0.6116 18.48 16.87 0.6118 18.32 16.70 0.6157 17.W 16.32 0.3208 14.s6 14.14 0.oOoo 10.95
2.9W4Q2 t8.49 0.6116 18.49 16.87 0.6118 18.32 16.71 0.6158 17.W 16.32 0.3216 14.36 14.1s o.oOOo 10.95
2.902+02 18.49 0.6117 18.49 16.88 0.6119 18.32 16.71 0.6158 18.ao 16.32 0.3228 14*57 14.15 0.- lo.%
2.90E+02 18.50 0.6118 18.30 16.88 0.6120 18.33 16.71 0.6160 18.00 16.33 0.3246 14.s8 14.16 0.oOOo 10.95
2.90002 18.51 0.6120 18.S1 16.W 0.6122 18.34 16.R 0.6162 18.01 16.33 0.3274 14.W 14.18 0.oOOo 10.95
2.91E+02 18.52 0.6122 18.52 16.90 0.6124 18.3S 16.73 0.6165 18.03 16.34 0.3317 14.63 14.20 O.om 10.95
2.91E+02 18.54 0.6126 18.34 16.92 0.6128 18.38 16.75 0.6169 18.05 16.36 0.3383 14.67 14.23 O.owo 10.95
2.922+02 18.57 0.6131 18.57 16.% 0.6133 18.41 16.77 0.6175 18.00 16.38 0.3446 14.R 14.27 O.ww 10.9s
2.93002 18.60 0.6136 18.60 16.% 0.6139 18.44 16.79 0.6181 18.11 16.40 0.3s54 14.n 14.30 0.oOoo 10.95
2.93E+02 18.60 0.6137 18.60 16.W 0.6139 18.44 16.W 0.6182 18.12 16.41 0.3563 14.77 14.31 0.ooOO 10.95
2.942+02 18.61 0.6137 18.61 16.% 0.6140 18.44 16.80 0.6183 18.12 16.41 0.3574 t4.n 14.31 0.ooOO 10.95
2.94E+02 18.61 0.6138 18.61 16.97 0.6141 18.45 16.80 0.6184 18.13 16.41 0.3591 14.79 14.32 0.oOOo 10.95
2.94E+02 18.62 0.6140 18.~ 16.~ 0.6143 18.46 16.81 0.6186 18.14 16.42 0.3616 i4.80 14.33 0.oOOo 10.95

PDM 9



FREO-t .X13

?
U
w

P8g@10



Psm-l. xls

. Pag8 11



MEo”l.ms

3.41E+02 19.68 Om 19.66 1784 0.6226 19.s3 1?.76 0.6326 19.23 17.31 0.5666 16.3r 15.19 O.owo 10.9s’
3.42E+02 19.69 o:62n 19.69 17:8s 0.6224 19.55 17.7s 0.6324 19.24 17.33 0.5683 16.39 15.20 O.woo 10.95
3.43E+02 19.71 o.62n 19.71 17.87 0.6223 19.s6 17.79 0.6319 19.26 17.35 0.3699 16.41 15.21 0.000o 10.95
3.44E+02 19.72 0.6273 19.n 17.6s 0.6221 19.5s 17.81 0.631s 19.28 17.37 0.s714 16.44 15.22 O.woo to.%
3.45E+OZ 19.74 0.6274 19.74 17.W 0.6219 19.59 17.s3 0.6311 19.29 17.39 0.S23Q 16.46 15.23 0.000o 10.95
3.462+02 19.75 0.6274 19.7s 17.91 0.6218 19.61 17.s5 0.K$07 19.31 17.41
3.47E+02 19.n

0.5745 16.46 15.24 0.- 10.95
0.6274 19.77 17.92 0.6216 19.62 17.s6 0.6303 19.32 17.44 o.sn9 16.S0 1s.25 o.Oooo 90.95

3.46E+02 19.7s 0.627s 19.78 17.94 0.6215 19.64 17.8s 0.6299 19.34 17.46 0.5773 16.52 1s.2s 0.= 10.95
3.49002 19.s0 0.LQ7S 19.20 17.9s 0.6214 19.6S 17.W 0.629s 19.35 17.42 0.W85 16.S4 15.26 0.Oooo fo.fl
3.50E402 19.81 0.lQ76 19.81 17.s 0.6213 19.67 17.91 0.6292 19.37 17.50 0.s797 16.S5 1S.27 o.Oooo 10.95
3.s1002 19.s3 0.6276 19.s3 17.98 0.6211 19.66 17.93 0.62ss 19.39 17.52 0.5611 16.S7 15.2s 0.000o 10.9s
3.52E+02 19.64 0.6277 19.84 17.W 0.6211 19.70 17.95 o.&Ss 19.40 17.% 0.5s24 16.59 15.29 0.000o 10.9s
3.53E+02 19.s6 0.6277 19.86 W.01 0.6210 19.72 17.W 0.62s1 19.42 17.57 0.s636 16.6t t5.30 o.Oooo 10.95
3.%E+02 19.s6 0.6278 19.87 18.03 0.6209 19.n 17.9s O.em 19.44 17.59
3. S5E+02 19.W

0.s849 16.63 1s.31 o.oOoO Io.m
0.6278 19.W 18.04 0.6209 19.7s 18.00 0.6274 19.45 17.61 0.ss62 16.6S 1s.32 o.Oooo 10.95

3.56E+02 19.91 0.6279 19.91 18.M 0.620s 19.76 18.02 0.6271 19.47 17.63 0.5s73 16.67 15.33 0.000o 10.9s
3. S72+02 19.92 0.62s0 19.92 18.07 0.6208 19.78 18.03 0.6267 19.49 17.6S O.ssw 16.LW 1s.34
3. SS002 19.94

O.owo 10.95
0.62s0 19.% 18.0s 0.620s 19.s0 18.05 0.6264 19.s0 17.67 0.s902 16.71 1s.3s

3.s92+02 19.9s
o.oOoo 10.9s

0.6281 19.95 18.10 0.6208 19.81 18.06 0.6261 19.S2 17.69
3.602+02 19.97

0.s91s 16.73 1s.36 o.oOoo 10.95
0.62s2 19.97 18.11 0.6208 19.s2 18.0s

3.6tE+02 19.98
0.62s6 19.53 17.71 0.5927 16.75 15.37 0.000o 10.9s

0.6283 19.98 18.12 o.620a 19.64 18.W 0.62s6 19.ss 17.73
3.62s+02 19.W

0.5W0 16.77 15.37 0.000o 10.9s
0.6283 t9. w 18.16 O.&ml 19.85 18.1 f 0.6253 19.56 17. ?5 0.5952 16.79 15.3s

3.632+02 20.01
O.owo fo.93

0.6284 zo.m 18.15 o.620a 19.66 18.12 0.6251 19.57 17.76 0.5%4 16.20 1s.39 0.000o 10.95
3.&E402 20.02 0.62ss 20.02 18.16 0.6200 19.ss 18.13 0.6246 19.s9 17.78 0.SW6 16.S2 15.40 0.Oooo 10.95
3.65E+02 20.03 0.62s6 20.03 18.17 0.6209 19.W 18.14 0.6246 19.40 17.60
3.662+02 Zo.u

0.5997 16.64 15.41 O.owo 10.95
0.62s7 20.04 18.18 0.6209 19.90 18.15 0.624s 19.61 17.81 0.S9W 16.86 1s.42

3.672+02 20.03
O.woo 10.95

0.620s 20.6 18.19 0.6210 19.91 18.16 0.6243 19.62 17.62 o.6ooa 16.SS 1s.42
3.66242 Zo.w

o.oOoo 10.95
0.62W 20.06 18.19 0.6210 19.92 18.17 0.6241 19.63 17.IK o.m19 16.W

3.692+02 20.07
15.42 O.owo 10.95

0.6290 20.07 18.20 0.6211 19.93 18.18 0.6240 19.64 17.ss 0.6029 16.91 1s.43
3.70242 20.06 0.6290 Zo.m 18.21

0.- 10.95
0.6212 19.94 18.19 0.6239 19.& 17.IM 0.6039 16.~ 1s.43 O.owo 10.9s

3. 71E+02 20.W 0.6291 20.W 18.22 0.6213 19.95 18.20 0.623s 19.67 17.ss 0.6046 16.% 15.43 O.woo
3.72002 20.10

10.95
0.6292 20.10 18.23 0.6213 19.% 18.21 o.a7 19.6s 17.W

3.73002 20.11
0.60s6 16.W 15.43 O.owo 10.9s

0.62W 20.11 18.24 0.6214 19.WI 18.22 0.6236 19.H 17.90 0.6U7 16.98 1s.44 o.- 10.9s
3.74E+02 20.12 0.6295 20.12 18.25 0.621s 19.W 18.23 0.623s 19.70 17.92 0.6076 16.W 1s.44 o.ooOO
3. 7SE+02 20.13

10.95
O.&w 20.13 18.26 0.6217 20.00 18.24 0.6235 19.71 17.93 0.600S 17.01 1s.44

3.76002 20.1s
o.oOoo

0.6297 20.14[ 10.27
10.95

0.6218 20.01 18.2s 0.6234 f9.73 f7.% 0.6093 17.03 WAS
3.77002 20.16

0.- to.95
0.6298 20.161 18.2S 0.6219 20.02 18.26 0.6234 19.74 17.95 0.6102 17.05 15.4s

3.7ss+02 20.17 0.6299 20.17’
O.ww 10.95

18.29 0.6220 20.03 18.27 0.6234 19.75 17.W 0.6110 17.06 15.46
3.79002 20.18

O.oow 10.95
0.6300 20.18 18.30 0.6222 20.W 18.2S 0.6234 19.76 17.99 0.6118 17.00 15.47

3.602+02 20.19
e.ooOO

0.6302 20.19 18.31
10.95

0.6223 20.06 18.29 0.6234 19.78 17.W 0.6126 17.10 15.47
3.81E+02 20.20

O.owo
0.6303 20.20 18.32

10.95
0.6225 20.07 18.30 0.6234 19.W 18.01 0.6134 17.12 1s.46

3. S22+02 20.22
O.woo 10.95

0.6304 20.21 18.33 0.6226 20.00 18.31 0.6235 19.81 18.02
3.832+02 20.23

0.6141 17.14 15.49 O.owo 10.9s
0.6M 20.23 18.34 0.622s 20.W 18.32 0.623s 19.s2 18.03 0.6148 17.15 15.50 0.-

3.s4002 20.24
10.95

0.6307 20.24 18.3s 0.6230 20.11 18.33 0.6236 19.s3 18.0s
‘ 3. WE+02 20.2s

0.61S6 17.17 1s.50 0.000o 10.95
0.6309 20.2s 18.36 0.6232 20.12 t8.34 0.6237 19.6s 18.06 0.6163 i7. 19 15.51

3.s62+02 20.26
0.0000 ?0.95

0.6310 20.26 18.37 0.6233 20.13 18.3s 0.6237 19.86 18.07 0.6169 17.21 15.52 0.000o 10.95
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0.6408 20.76
4.3@02 20.78
4.3SE402 20.79 0.6413 20.79 18.74 0.6360 20.67 18.7U 0.6340 20.44 18.50 0.6371 18.11 16.12 0.oOoo 10.%
4.36E+02 20.80 0.6415 20.80 le.n 0.6363 20.69 18.71 0.6343 20.4s 18.51 O.an 18.1s 16.14 0.oOoo IO.*
4.37s+02 20.81 0.6418 20.81 18.76 0.6366 20.m 18.R 0.6346 20.46 18.52 0.6374 18.15 16.16 O.aooo Io.w
4.3&+02 20.82 0.6420 20.82 18.77 0.6369 20.71 18.~ 0.6348 20.48 18.52 0.6373 18.17 16.18 O.woo 10.%
4.392+02 20.83 0.6422 20.83 18.n 0.6371 20.72 18.74 0.6331 20.49 18.53 0.6373 18.19 16.19 0.oOOo IO.*
4.41W02 20.85 0.6424 20.85 18.78 0.6374 20.73 18.74 0.6334 20.50 18.54 0.6376 18.20 16.21 0.oOoo lo.%
4.41E+02 20.86 0.6427 20.86 18.79 0.637? 20.73 18.75 o.&W7 20.51 18.55 0.6376 18.22 16.23 0.oOoo 10.W
4.422+02 20.87 0.6429 20.87 18.80 0.6380 20.76 18.76 0.6359 20.53 18.36 0.6376 18.24 16.24 0.oOoo lo.%
4.4W02 20.88 0.6431 20.88 18.81 0.6383 20.77 18.77 0.6362 20.% 18.57 0.63?6 18.23 16.26 0.oOoo IO.*
4.442+02 20.89 0.6434 20.W 18.81 0.6385 20.78 111.n 0.6365 20.55 18.58 0.6376 18.27 16.28 O.owo 10.W
4.452402 20.W 0.6436 20.W 18.82 0.6388 20.79 18.78 0.6368 20.56 18.38 0.6376 18.29 16.30 0.oOoo 10.W
4.462* 20.92 0.6438 20.92 18.83 0.6391 20.80 18.79 0.6371 20.58 18.s9 o.&w3 18.30 16.31 0.oOoo 10.%
4.472+02 20.93 0.6440 20.93 18.84 0.63* 20.82 18.80 0.G73 20.59 18.60 0.6374 18.32 16.S3 O.oow 10.%
4.482+02 20.% 0.6443 20.% 18.85 0.6397 20.a3 18.81 0.6376 20.60 18.61 0.6374 18.34 16.35 0.oOoo 10.s
4.49002 20.95 0.6445 20.95 18.86 0.63W 20.tM 18.81 0.6379 20.61 18.62 0.6373 18.35 16.36 0.oOoo 10.W
4.5m’02 20.% 0.644? 20.% 18.87 0.6402 20.83 18.82 0.6382 20.63 18.62 0.6372 18.37 16.38 0.oOoo 10.%
4.50002 20.% 0.6447 20.W 18.86 0.6402 20.83 18.82 0.63s2 20.63 18.63 o.63n 18.37 16.38 0.oOoo 10.%
4.502402 20.W 0.6447 20.% 18.86 0.6402 - 20.83 18.82 0.6382 20.63 18.63 0.6372 18.3? 16.38 0.oOoo lo.%
4.%+02 20.% 0.6447 20.% 18.86 0.6402 20.83 18.82 0.6382 20.63 18.63 o.63n 18.37 16.38 0.oOoo Io.w
4.5W+02 20.% 0.6447 20.% 18.86 0.6402 20.85 18.82 0.6382 20.63 18.63 0.6372 18.37 16.38 0.000o 10.%
4.50002 20.95 0.6448 20.95 18.85 0.6403 20.85 18.81 0.6382 20.63 18.62 0.6371 18.s7 16.39 0.Oooo 10.s
4.51E+02 20.n 0.6449 20.93 18.83 0.6405 20.83 lm!m 0.6384 20.62 18.61 0.6371 18.38 16.40 O.owo lo.%
4.s22402 20.91 0.64s1 20.91 18.W 0.6407 20.81 18.77 0.6387 20.60 18.59 0.6370 la.40 16.41 0.oOoo 10.s
4.s3002 20.88 0.6453 20.8s 18.78 0.6410 20.78 18.74 0.6389 20.58 18.57 o.63@ 18.41 16.43 0.Oooo 10.W
4.54s+02 20.86 0.6455 20.86 18.75 0.6412 20.76 18.72 0.6392 20.% 18.54 0.6367 18.42 16.44 0.oOoo 10.W
4.s52+02 20.83 0.645 7 20.83 la.n 0.641s 20.74 18.@ 0.6X 20.54 18.s2 0.6366 18.43 16.4S O.owo 1O.R$
4.56E+02 20.81 0.64s 9 20.81 18.W o.&17 20.72 18.66 0.6397 20.s2 18.50 0.6365 18.43 16.45 O.owo
4.572+02 20.79

90.%
0.6461 20.79 18.67 0.6419 20.7U 18.64 O.aw 20.50 18.48 o.a64 18.44 16.46 0.oOOo lo.%

4.5&+02 20.76 0.6462 20.76 18.64 0.6421 20.67 18.61 0.6401 20.49 18.46 0.6362 18.44 16.47 O.oow
4.592+02 20.74

10.%
0.6464 20.74 18.62 0.6423 20.65 18.59 0.6403 20.47 18.44 0.6361 18.44 16.47 Omoo 10.%

4.602+02 20.72 0.6465 20.n 18.60 0.6425 20.63 18.s7 o.64m 20.45 18.41 0.6360 18.44 16.48 0.oOOo lo.%
4.61E+02 20.m 0.646 7 20.70 18.s7 0.6427 20.61 18.5S 0.6407 20.43 18.39 0.6338 18.44 16.48 0.oOoo Io.w
4.622402 20.68 0.6468 20.68 18.55 0.6428 20.s9 18.52 0.6408 20.41 18.3 7 0.63s 7 18.44 16.48 0.oOoo IO.*
4.632+02 20.66 O.aa 20.66 18.S3 0.6430 20.57 18.50 0.6410 20.40 18.35 0.6355 18.44 16.48 O.woo IO.*
4.64E@2 20.64 0.6470 20.64 18.51 0.6431 20.55 18.48 0.6411 20.38 18.33 0.6334 18.44 16.48 @.Woo 90.%
4.65E+02 20.62 0.647 1 20.62 18.49 0.6433 20.54 18.46 0.6412 20.36 18.32 0.63s 2 18.* 16.48 O.woo lo.%
4.662+02 20.60 0.6472 20.60 18.47 0.6434 20.s2 18.44 0.6493 20.34 18.30 0.6351 18.44 16.48 O.woo 10.W
4.67E+02 20.58 0.6473 20.58 18.45 0.6435 20.50 18.42 0.6414 20.33 18.28 0.634 9 18.43 16.48 0.oOOo 10.W
4.482402 20.% 0.6473 20.36 18.43 0.6435 20.48 18.40 0.6415 20.31 18.26 0.6348 18.43 16.48 O.owo 10.%
4.692+02 20.5 s o.ti7 4 20.54 18.41 0.6436 20.46 18.38 0.6416 20.29 18.24 0.6346 18.43 16.48 0.oOoo 10.W
4.702+02 20.5 3 o.a7 4 20.5 3 18.39 0.6437 20.45 18.36 0.6416 20.28 18.23 0A4 5 18.42 16.48
4.71E+02 20.s 1

0.oOoo 90.W
0.6473 20.5 1 18.3 7 0.6437 20.43 18.35 0.6417 20.26 18.2 1 0.634 3 18.42 16.47

4.722+0 2 20.4 9
Omoo 10.%

0.6475 20.4 9 18.35 0.643s 20.41 18.33 . 0.6417 20.25 18.19 0.634 1 18.41 16.47
4.732402 20.4 7

Omoo 10.%
0.6473 20.4 7 18.34 0.6438 20.40 18.31 0.6417 20.23 18.1 8 0.634 0 18.41 16.47 0.oOOo 10.%4
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4.742402 20.46 o.64n 20.46 18.32 0.6438 2038 1829. 0 64i7’ 20.21 18.16 04338 1840 16.46 0- 10.9J
4.752+02 20.44 0.647s 20.44 18.30 0.6438 20:36 18.28 0:6417 20.20 18.1S 0:6337 18:40 16.46 0:ooOO IO.*
4.762+02 20.42 0.647s 20.42 18.29 0.6438 20.35 18.26 O.til? 20.18 18.13 0.6335 18.39 16.46 0.ooOO lo.%
4.772+02 20.41 0.6473 20.41 18.27 0.6438 20.33 W.23 0.6417’ 20.17 18.12 0.6334 18.39 16.45
4.78002 20.39

0.oOoo 10.*
0.6474 20.39 18.23 0.6438 20.s1 18.23 0.6417 20.15 18.10 0.-. 18.38 16.4S O.ww 10.W

4.m+02 20.38 0.6474 20.38 18.24 0.6438 20.30 18.22 0.6417 20.14 18.W 0.6331 18.37 16.45 0.oOOo Io.w
4.8oE@2 20.36 0.6474 20.36 18.22 0.6438 20.28 18.20 0.&16 20.12 18.07 0.6329 18.37 16.44 0.oOoo 10.%
4.81E+02 20.35 0.64D 20.34 18.21 0.6437 20.27 18.19 0.6416 20.11 18.W 0.6328 18.36 16.44 0.000o 10.W
4.822+02 20.33 0.6473 20.33 18.19 o.643t 20.2s 18.17 0.6416 20.W 18.W 0.6326 18.36 16.U o.oOOo 10.W
4.832+02 20.31 0.6473 20.31 18.18 0.6437 20.24 18.16 0.641s 20.08 18.03 0.6323 18.35 16.43 0.oOOo lo.%
4.842+02 Zo.m 0.6472 20.30 $8.17 0.6436 20.22 18.14 0.6415 20.07 18.02 0.- 18.34 16.43 O.oow IO.*
4.85002 20.28 0.6471 20.28 18.15 0.6436 20.21 18.13 0.6414 Zo.m 18.00 0.6322 18.34 16.42 0.0001 IO.*
4.86002 20.27 0.6471 20.27 18.14 0.6435 20.19 18.12 0.6414 Zo.w 17.W 0.6321 lam 16.42 0.0001 IO.*
4.8n4w 20.26 0.6470 20.26 18.12 0.643s 20.18 18.10 0.6413 20.03 17.m 0.6319 18.32 16.41 0.0001 10.W
4.882+02 20.24 0.6470 20.24 18.11 0.643s 20.17 18.W 0.6413 20.01 17.W 0.6318 18.32 16.41 O.wol 10.W
4.892402 20.23 0.64W 20.23 18.10 0.6434 20.15 18.08 0.6412 20.00 17.93 0.6317 18.31 16.40 0.0001 10.
4.9W+02 20.21 0.LM69 20.21 18.08 0.6433 20.14 18.06 0.6411 19.W 17.% 0.6315 18.30 16.40 0.0001 10.
4.91E42 20.20 0.6468 20.20 18.07 0.6433 20.13 18.05 0.6411 19.97 17.93 0.6314 18.30 16.39 0.0001 10.97
4.92E+02 20.19 0.6467 20.19 18.06 0.6432 20.11 18.M 0.6410 19.W 17.92 0.6313 18.29 16.39 0.- Io.w
4.9X432 20.17 0.6467 20.17 18.05 0.6432 20.10 18.02 0.6410 19.95 17.W 0.6312 t8.28 16.38 0.0002 10.97
4.942402 20.16 0.6466 20.16 18.03 0.6431 20.W 18.01 0.6409 19.93 17.W O.alo 18.28 16.38 0.0002 10.97
4.95E+02 20.1s 0.6465 20.14 18.02 0.6431 20.07 18.00 o.64m 19.92 17.88 0.6309 18.27 16.38 0.0002 10.97
4.w002 20.13 0.6465 20.13 18.01 0.6430 Z&a 17.W 0.6408 19.91 17.87 0.6308 W.ab 16.S7 0.= 10.97
4.97242 20.12 O.M 20.12 18.00 o.ti30 20.05 17.98 0.6407 19.90 17.86 0.6307 18.26 16.37 0.0003 Io.w
4.982+02 20.11 0.6463 20.11 17.W 0.6429 20.03 17.M O.m 19.88 1?.85 0.6306 18.25 16.36 0.W03 10.97
4.992+02 20.W O.M 20.W 17.97 0.6428 20.02 17.95 0.6406 19.87 17.84 0.6305 18.23 16.36 0.0004 Io.w
5.00E+02 Z&m 0.6462 20.08 17.% 0.6428 20.01 17.W 0.6403 19.86 17.82 0.6304 18.24 16.35 0.0004 10.W
S.01E+02 20.07 0.6461 20.07 17.95 0.6427 20.W 17.93 0.6403 19.85 17.81 0.6303 18.24 16.35 0.0004 Io.w
5.02E@2 20.06 0.6461 20.06 17.94 0.6427 19.98 17.92 0.6404 19.84 17.80 0.6302 18.~ 16.33 0.W03 fo.w
5.032+02 20.04 0.6460 20.04 17.93 0.6426 19.97 17.91 0.6403 19.83 17.79 0.6301 18.22 16.34 0.0003 10.97
5.04E+02 20.03 0.6459 20.03 17.92 0.6426 19.% 17.90 0.6403 19.81 17.n 0.6300 18.22 16.34 0.0006 Io.w
5.05E+02 20.02 0.6459 20.02 17.91 0.6425 19.95 17.89 0.6402 19.80 17.77 0.6299 18.21 16.33 0.0006 Io.w
5.062+02 20.01 o.&58 20.01 17.W o.&25 19.% 17.87 0.M02 19.79 17.76 o.62m 18.21 16.33 0.0007 10.98
S.07E+02 20.00 0.6457 20.00 17.88 0.6424 19.93 17.86 0.6401 19.n 17.n 0.6297 18.20 16.33 0.0008 Io.w
S.08E+02 19.98 0.6457 19.- 17.87 0.6424 19.91 17.85 0.6401 19.77 17.74 0.62W 18.20 16.32 0.0008 10.W
S.09E+02 19.97 0.6456 19.97 17.86 0.6423 19.90 17.84 0.6400 19.76 17.73 0.- 18.19 16.32 0.0W9 10.W
5.1 OE+O2 19*W O.&% 19.% 17.85 0.6423. 19.W 17.83 0.6400 19.73 17.72 0.6293 18.19 16.31 0.0010 10.98
5.llE+OZ 19.95 0.6455 19.95 17.84 0.6422 19.89 17.82 0.6399 19.74 17.71
5.122+02 19.%

O.&w 18.18 16.31 0.0011 11.28 10.98
0.64% 19.% 17.83 0.6422 19.87 17.81 0.63W 19.73 17.70 0.62M 18.18 16.31 O.wll 11028 lo.m

5.132+02 19.93 0.64% 19.93 17.82 0.6421 19JM 17.80 0.- 19.72 17.M 0.6293 18.17 16.30
5.14E+02 19.92 0.6453 19.91 17.81 0.6421 19.65 17.79

0.0012 11.28 10.W
0.63WI 19.?0 17.68 0.6292 18.17 16.30

5.152+02 19.90
o.m13 11.28 10.98

0.6453 19.90 17.80 0.6420 19.84 17.78 0.63W 19.H 17.67 0.6292 18.16 16.29 0.0014 11.29 10.99
5.16E+02 19.W 0.6452 19.W 17.79 0.6420 19.82 17.77 0.63W 19.68 17.66 0.6291 18.16 16.29 0.0015 11.29 10.99
S.17E+02 19.88 0.6452 19.88 17.n 0.6420 19.81 17.76 O.aw 19.67 17.65
5.182- 19.87 0.64s1 19.87 17.n

O.&w 18.15 16.29 0.0016 11.29 10.W
0.6419 19.m 17.n 0.63W 19.66 17.64 0.6290 18.15 16.28 o.m17 11*29 10.W

5.?9E+02 19.86 O.lwl 19.86 17.76 0.6419 19.79 17.74 0.6393 19.65 17.63 0.6289 18.14 16.28 0.0019 11.29 10.W

m 1s



FREO-1.XLS

‘ 5.2m02 19.65 0.6450 19.6s 17.7s 0.6418 19.781 17.n 0KW5 19.64 1?.62 0.62W 18.14 16.MI 00020 11.2V 10.M
5.21E+02 19.64 0.6450 19.M 17.74 0.6418 19.n 17.72 “0.6395 19.63 17.61 0.6222 18.14 16.2~ 0:0021 11.29 Io.w
5.22002 19.83 0.6449 19.63 17.n 0.6418 19.76 17.71 O.a% 19.62 17.60 0.6282 18.13 16.27 0.0023 11.30 11.00
S.23E+02 19.82 0.6449 19.62 I?.n 0.M17 19.7s 17.70
5.24E+02 19.81

0.6394 19.61 17.60 0.6287 18.13 16.26 0.0024 11.30 11.00
0.6449 19.81 17.71 0.6417 19.74 17.H

5.25E+02 19.80
0.6394 19.61 17.59 0.6287 18.12 16.26 0.0025’ 11.30 11.00

0.6448 19.60 17.70 0.6417 ~9.73 17.68 0.6393 19.60 17.52 0.6226 18.12 16.26 0.0027 11.30 11.00
s.26002 19.79 0.6442 19.m 17.69 0.6416 19.72 17.67 0.6393 19.59 17.57 0.621M 18.11 16.25 0.0029 11.30 11.00
5.272+02 19.72 0.6447 19.78 17.68 0.6416 19.71 17.66 0.6393 19.58 17.56 0.6286 18.11 16.23 0.0030 11.30 lt.m
5.282+02 j9.77 0.6447 19.77 17.67 0.6416 19.71 17.65 o.a93 19.s7 17.55 0.6285 18.11 16.2S 0.0032 11.31 11.01
5.292+02 19.76 0.6447 19.76 17.& 0.6416 19.70 17.64 0.6392 19.% 17.% 0.6225 18.10 16.24 0.0034 11.31 11.01
S.30E+02 19.75 0.6446 19.7s 17.66 0.6415 19.M 17.64 0.6392 19.55 17.53 0.6225 18.10 16.24 0.0036 11.31 11.01
5.31E+02 19.74 0.6446 19.74 17.65 0.6415 19.68 17.63 0.6392 19.% 17.53 0.6224 18.W 16.23 0.0037 11.31 11.01
5.322+02 19.73 0.6446 19.n 17.64 0.6415 19.67 17.62 0.6392 19.53 17.52 0.6284 18.W 16.23 0.0039 11.31 11.01
S.33E+02 19.73 0.6445 19.72 17.63 0.6415 19.& 17.61 0.6392 19.53 17.51 0.62?)4 18.W 16.23 O.owl 11.32 11.02
5.34002 19.72 0.6445 19.72 17.62 0.6415 19.6S 17.60 0.6391 19.52 17.50 0.6223 18.00 16.22 0.0043 11.32 11.02
5.35E+02 19.71 0.6445 19.71 17.61 0.6414 19.64 17.59 0.6391 19.51 17.49 0.6283 18.00 16.22 O.w 11.32 11.02
5.36002 19.7U 0.6445 19.70 17.60 0.6414 19.63 17.56 0.6391 19.50 17.49 0.6223 18.07 16.22 O.owl 11.32 11.02
5.372+02 19JW 0.6444 19.69 17.60 0.6414 19.63 17.58 0.6391 19.49 17.48 0.6283 18.07 16.21 0.0030 11.33 11.02
5.38002 19.6J3 0.6444 19.68 17.59 0.6414 19.62 17.57 0.6391 19.48 17.47 0.6283 18.07 16.21 0.0052 11.33 11.03
5.39E+02 19.67 0.6444 19.67 17.56 0.6414 19.61 17.56 0.6391 19.48 *7.46 0.6282 18.06 16.21 O.ows 11.33 11.03
5.40002 19.66 0.6444 19.66 17.57 0.6414 19.60 17.55 0.6391 19.47 17.45 0.6282 18.M t6.20 0.0057 11.33 11.03
5.41E+02 19.66 0.6U3 19.66 17.% 0.6414 19.59 17.54 0.6391 19.46 17.45 0.6222 18.05 16.20 O.omo 11.33 11.03
5.42E+02 19.65 0.6443 19.65 17.% 0.6414 19.58 17.% 0.6391 19.45 17.44 0.6222 18.05 16.20 o.m62 11.34 11.04
5.432- 19.64 0.6443 19.64 17.55 0.6414 19.58 17.53 0.6391 19.44 17.43 0.6282 18.05 16.19 0.0065 11.34 11.04
5.442+02 19.63 0.6443 19.63 17.54 0.6414 19.57 17.52 0.6391 19.44 17.42 0.6282 lil.oi 16.19 0.0066 11.34 11.W
5.452+02 19.62 0.6443 19.62 17.ss 0.6414 19.% 17.51 0.6391 19.4s 17.42 0.6282 18.04 16.19 0.0071 11.34 11.04
5.462+02 19.62 0.6443 19.62 17.52 0.6414 19.55 17.50 0.6391 19.42 17.41 0.6282 18.04 16.18 0.0074 11.35 11.m
5.472+02 19.61 0.6443 19.61 17.52 0.6414 19.54 17.50 0.6391 19.41 17.40 0.6282 18.03 16.18 0.0077 11.33 11.m
5.4tmo2 19.60 0.6443 19.60 17.51 0.6414 19.54 17.49 0.6391 19.41 17.39 0.6262 18.03 16.18 O.oow 11.35 11.m
5.4=402 19.59 0.6443 19.s9 17.50 0.6414 19.53 17.46 0.6391 19.40 17.39 0.62U 18.03 16.17 0.0063 11.36
5.502+02 19.58

11.W
0.6442 19.58 17.49 0.6414 19.52 17.47 0.6391 19.39 17.30 0.6282 18.02 16.17

5.51E+02 19.58
0.0UJ6 11.36 11.06

0.6442 19.52 17.49 0.6414 19.51 17.47 0.6391 19.39 17.37 0.6282 18.02 16.16 0.0W9 11.36 11.06
, 5.522+02 19.57 1 0.6442 19.57 17.48 0.6414 19.51 j7.46 0.6391 19.38 17.36 0.6262 18.02 16.16 0.0W3 11.36 11.06

5.532+02 19.56 0.6442 19.56 17.47 0.6414 19.50 17.45 0.43W 19.37 17.36 o.62rJ2 18.01 16.16 O.oow 11.37
5.542+02 19.%

11.07
0.W2 19.s5 17.46 0.6414 19.49 17.44 0.6391 19.36 17.35 0.6282 18.01 16.15 O.olw il.37

5.552+02 19.5s
11.07

0.6442 19.ss 17.46 0.6414 19.49 17.44 0.6392 19.36 17.34 0.6262 18.01 16.1S 0.0103 11.37
5.56E+02 19.54

11.07
0.6442 19.54 17.4s 0.6415 19.46 17.43 0.6392 19.35 17.34 0.6283 18.00 16.15 0.0107 11.32 11.08

S.S7E+02 19.53 O.w 19.53 17.44 0.6415 19.47 17.42 0.6392 19.34 17.33 0.6223 18.m 16.14 0.0111 11.s 11.06
5.58E+02 19.53 0.6443 19.53 17.U 0.6415 19.47 17.42 0.6392 19.34 17.32 0.6203 m.m 16.14 0.o114 11.30 11.08
5.592+02 19.52 0.6443 19.52 17.43 0.6415 19.46 17.41 0.6392 19.33 17.31 0.6223 17.W 16.14 0.0118 11.39 11.W
5.602+02 19.51 0.6443 19.51 17.42 0.6415 19.45 17.40 0.6393 19.33 17.31 0.6283 17.W 16.13 0.0122 11.39 11.W
5.61EW 19.51 0.6443 19.s1 17.42 0.6415 19.44 17.39 0.6393 19.32 17.30 0.6284 17.W 16.13 O.ola 11.39 11.W
S.&Em 19.50 0.6443 19.30 17.41 0.6416 19.44 17.39 0.6393 19.31 17.29 0.6284 17.W 16.13 0.0130 11.40 11.10
5.63002 19.49 0.6443 19.49 17.40 0.6416 19.43 17.38 0.6393 19.31 17.29 o.62a4 17.m 16.12 0.0133 11.40 11.10
5.64E+02 19*49 0.6443 19.49 17.39 0.6416 19.4s 97.37 0.6394 19.30 17.28 0.6224 17.99 16.12 0.0139 11.40 11.10
5.65E+02 19.42 I 0.6443 19.48 17.391 0.6416 19.42 17.37 0.6394 19.29 17.27 0.6285 17.98 16.12 0.0143 11.41 11.11.
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‘ 6. S32+02 18.29 O.641OI 18.29 16.2s am 1 18.% 16.2S c163W 18.19 16.20 0.631s 1? 36 00601 1177’ 11 4f
6.542+02 18.26

1s.46
0.64Wl 18.26 16.24 .0.6390 18.25 16.23 0:6376 18.18 16.18 0.6313 17:37 O:owl 11:77

6.55E~2 ?8.26
15.47 11:47

0.64W ta.a 16.22 0.6389 ?8.23 16.22 0.6375 18.16 K17 0.6N2 f7.36 t5.46 0.0021 tt.n ?1.46
6.56002 18.25 0.6407 18.23 16.21 o.63m 18.22 16.21 0.6374 18.15 16.16 0.6312 17.35 1s.45 0.0031 11.70 11.4s
6.572+02 18.23 0.6406 18.23 16.20 0.6387 18.20 16.19 0.6373 18.13 16.14 0.6312 17.34 15.44 0.0640 11.78 11.46
6.52002 18.22 0.6404 18.22 16.18 0.6386 18.19 16.18 o.63n 18.12 16.13 0.6312 17.33 lS.U 0.0030 11.W
6.59E+02 18.20

11.49
0.6403 18.20 16.17 o.= 18.17 16.17 O.arl 18.10 16.12 0.6311 17.31 15.42 o.oa60 11.79

6.602+02 18.19
11.49

0.6402 ?8.19 16.16 0.6383 18.16 16.1S 0.6370 16.W t6.lf 0.6311 t7.30 15.61 O.OWO 91.20 11.30
6.61E+02 18.18 0.6401 18.18 16.15 0.6322 ?8.14 16.14 0.63W 18.W 16.W 0.6311 17.29 1s.40 O.oaw 11.00 11.s0
6.622+02 18.16 0.6400 18.16 16.13 0.6321 18.13 16.13 0.6362 18.W 16.08 0.6311 17.26 15.39 O.owo 11.W 11.30
6.632+02 18.1s 0.63W 18.1s 16.12 0.6380 18.12 16.12 0.6367 18.m 16.07 0.6310 17.27 1s.38 0.0900 11.81 11.51
6.64E+02 18. 1s 0.6392 18.13 16.11 0.6379 18.10 16.10 0.6367 18.03 16.06 0.6310 17.26 15.37 0.09?0 11.81 11.51
6.652+02 18.12 0.6397 18.12 16.10 0.6372 18.W 16.W 0.6366 18.02 16.W 0.6310 17.25 1s.36 O.om 11.22 11.s2
6.662+02 18.10 0.63% 18.10 16.00 0.63T7 18.07 16.OE 0.6365 18.01 16.03 0.6310 17.24 15.35 0.0931 11.62 11.s2
6.672+02 18.W O.(NB 18.W 16.07 0.~76 18.LM 16.07 0.6364 17.W 16.02 0.6309 17.23 1s.34 0.0%1 11.62 11.52
6.68E42 18.06 0.6394 18.02 16.06 0.6375 18.0s 16.03 0.6363 17.98 16.01 0.6309 17.22 1s.33 O.oml 11.63 11.53
6.6W+02 18.M 0.6393 18.06 16.05 0.6374 18.03 16.04 0.6362 17.97 15.W 0.6309 17.21 1s.32 0.0%1 11.23 11.53
6.70E+02 18.03 0.6392 18.05 16.03 0.LW3 18.02 16.03 0.6361 17.95 15.90 O.moa 17.20 15.31 0.0971 11.83 11.53
6.71E+02 18.M 0.6391 18.04 16.02 0.6372 18.00 16.02 0.6360 17.% 15.97 O.m 17.19 15.30 0.0W2 11.IM 11.34
6.72E+02 18.02 0.6390 18.02 16.01 0.6372 17.W 16.00 0.6359 17.93 1s.% 0.6302 17.18 1s.29 0.0992 11.04 11.34
6.732+02 18.01 0.6329 18.01 16.00 0.6371 17.99 15.W 0.6359 17.91 15.95 o.63m 17.1?
6.74E+02 17.W

15.22 0.1002 1?.85 11.s5
O.&w 17.99 15.99 0.6370 17.% 15.90 0.6356 17.W 15.93 0.6307 17.16 1S.27

6.75E+02 17.-
0.1013 11.83 11.5s

0.6387 17.W 15.97 O.&@ 17.93 15.97 0.6357 17.W 15.92 0.6307
6.76E+02 17.97

17.1s 1s.26 0.1023 11.63 11.55
0.6366 17.97 1s.s 0.6368 17.94 15.% 0.6356 17.87 1s.91 0.6307

6.772+02 17.95
17.14 15.25 0.1033 11.* 11.36

0.6385 17.s 15.95 0.6367 17.92 15.% 0.6355 17.86 15.90 0.6306 17.13 15.24
6.782+02 17.94

0.1W4 11.lkq 11.36
0.6324 17.% 15.94 0.6366 17.91 15.93 0.6354 17.25 15.W 0.6306 17.12 1s.23 0.1034 11.661 11.36

6.79E+02 17.93 0.6363 17.93 15.92 0.6365 17.90 15.92 0.6354 17.64 15.66 0.6306 17.11 95.22 0. lW 91.671 11.57
6.80E+02 17.91 0.6362 17.91 15.91 0.6364 17.82 1s.91 0.6353 17.62 15.66 0.63W 17.10 1s.21 0.1073 11.W 11.s7
6.81E+02 17.90 0.6361 17.90 15.90 0.6363 17.87 lS.W 0.6352 17.81 15.85 0.6305 17.W 15.20 0.1023 11.87 11.57
6.82E+02 17.W O.m 17.W lS.W 0.6363 17.26 15.W 0.6351 17.80 15.84 O.w 17.02 15.19 O.low 11.m 11.38
6.832+02 17.2a 0.6379 17.62 1s.28 0.6362 17.65 1s.87 0.6351 17.78 15.63 O.w f7.07 1s.18 O.llu 11.m 11.30
6.84E+02 17.86 0.6V9 t7.66 ?s.87 0.6361 f7.63 1s.66 0.6350 17.77 15.22 0.6305 17AM 15.18 0.1116 11.m 11.36
6.85002 17.85 o.637a 17.65 1s.6s 0.63W 17.62 15.85 0.6349 17.76 15.81 0.6W l?.m 15.17 0.1127 11.W 11.59
6.66E+02 17.lu o.63n 17.24 15.a4 0.63s9 17.81 15.84 0.6348 17.75 1s.79 0.6304 17.04 1S.16 0.11371 11.W 11.s9
6.87Eti2 17.82 0.6376 17.22 15.63 0.6352 17.60 15.63 0.6342 17.73 15.78 0.6304 17.03 15.15 0.1146 11.W 11.39
6.882+02 17.81 0.6375 17.81 1s.22 0.6358 17.72 15.82 0.6347 17.n 15.77 0.6M 17.03 1s.14 0.1136 11.W 11.60
6. WE+02 17.60 0.6374 17.m 15.81 0.6357 17.77 15.81 0.6346 17.71 15.76 0.6303 17.02 15.13 O.11* 11.W 11.60
6.90002 17.W 0.6373 17.W 15.80 0.6356 17.76 15.79 0.6346 17.m 15.73 0.6303 17.01 1s.12 0.11?9 11.W 11.60
6.91E+02 17.77 0.6373 17.77 15.W 0.6355 17.75 ls.n 0.6345 17.M 1s.74 0.6303 17.m 1s.11
6.=+02 17.76

0.1190 11.91 11.61
0.6372 17.76 15.77 0.63ss ~7.n ls.n 0.6344 17.67 Is.n 0.6303 16.W 15.10 0.1200 11.91 11.61

6.93002 17.73 0.6371 17.75 15.76 0.6334 17.72 1S.76 0.6344 17.66 ls.n 0.6302 16.90 15.W 0.1211 11.91 11.61
6.94E+02 17.74 0.6370 17.74 ls.n 0.6353 17.71 15.?5 0.6343 17.65 15.71 0.6302 16.97 ls.al 0.1222 11.92 11.62
6.95E+02 17.n 0.6369 17.R 1s.74 0.6352 17.70 1s.74 0.6342 17.64 15.M 0.6302 16.WJ 15.06 O.lm 11.92 11.62
6.%E+02 17.71 0.63W 17.71 m.n 0.6352 17.66 ~s.n 0.6342 17.63 15.62 O.= 16.95 15.07 0.1243 11.92 11.62
6.972+02 17.70 0.6362 17.70 1s.72 0.6351 17.67 1s.72 0.6341 17.61 15.67 0.-1 16.W 15.06 0.12531 11.93 11.63
6.922+02 17.69 0.6367 17.69 1s.71 0.6350 17.66 1s.71 0.6340 17.a 1s.66 0.6s01 16.93 15.05 0.12641 11.93 11.63
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Waste-Generated Gas Model
Intermediate State Room with Composite
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Gas Pressure Along Upper lnterbed
Intermediate Room, 1E-19 m2 Interbeds
Fixed “Inundated”Gas Generation Rate

Pressure(MPa)
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Gas Saturation Along Upper Interbed
Intermediate Room, 1E-19 m2 Interbeds
Fixed “Inundated”Gas Generation Rate
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dote: June 2, 1987 Albuquerque, New Mexico 87185

to D. E. Munson, 6332 RB21~

M+from: , s. organ, 1

subject: Estimate of the Time Needed for TRU Storage Rooms to Close

INTRODUCTION

An estimate of the time needed for TRU storage rooms to close is needed
to answer various questions related to the performance assessment of the
Waste Isolation Pilot Plant (UIPP). As a result, the creep response of
a storage room has been computed for a simulation period of two hundred
years. The results are presented here.

In order to obtain good estimates of the time needed for a room to
close, the computed closures should agree with measured storage room
response for the short time periods for which data are available. A
recent calculation [1] showed that good agreement between computed and
measured horizontal closure rates could be obtained when the WPP
reference secondary creep law is used with the reference elastic
properties of halite divided by 12.5. However, using this procedure to
get agreement between calculation and data leads to computed vertical
closure rates which are still considerably less than the measured
vertical closure rates. The UIPP reference stratigraphy was used in
this calculation, and the anhydrite layers found therein were modeled as
elastic layers with moduli equal to the UIPP reference values. This
method of modeling the anhydrites had a significant effect on vertical
closure in that the thick anhydrite layer directly beneath the floors of
the storage rooms was inherently stiff, could not fail, and hence
restricted the upward deformation. Thus, the elastic model produced
anhydrite behavior which is inconsistent with the observed in situ
behavior where the anhydrite layer in the floor fails early and provides
little resistance to the movement of the surrounding salt. In order to
obtain a better prediction of vertical closure for estimating the time
of storage room closure, a more realistic model for the anhydrite layers
was needed.

STORAGE ROOM MODEL

All anhydrite layers were replaced by salt in the model used in the
analysis described here. The finite element mesh is shown in Figure 1.
Most of the elements are concentrated around the room so that the large
deformations expected to occur over the long time spans of interest can
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be captured. The small elements around the room also facilitate smooth
interactions between the room surfaces. As the deformations get large,
the floor, roof, and pillar will come into contact so overlap between
elements in the pillar and elements in the floor and roof must be
prevented. This is accomplished by using the slide line capability in
SANCHO [2], the computer code used for this and most UIPP structural
calculations. The boundary conditions, loads, and initial stresses are
the same as those used in the previous calculation [1] and are described
in the parallel calculation report [3]. As in the previous calculation,
the WIPP reference secondary creep law with the UIPP reference elastic
constants divided by 12.5 are used. This adaptation of the UIPP
reference creep model does not represent the resolution of the
discrepancy found to exist between UIPP calculations and data but is
only an expediency which can be used until the discrepancy is resolved.
The storage room is empty throughout the simulation period. That is,
the closure of the room is not affected by the presence of waste or
backfill.

RESULTS

Deformations and deformation rates computed with the model described
above are compared in Figures 2 - 7 to those computed in the original
storage room calculation [1]. Removal of the anhydrite layers from the
model does not change the roof deformations appreciably over the fifty
year time span shown in Figure 1, but the floor deformations, and hence
the vertical closures in Figure 4, increase by a large amount. The
pillar deformations in Figure 3 and horizontal closures in Figure 5 also
increase when the all salt stratigraphy is used. Use of the all salt
model produces vertical closure rates that are in good agreement with
the measured vertical closure rates as shown in Figure 6. Horizontal
closure rates increase only slightly as shown in Figure 7. Overall the
deformations and deformation rates predicted with the all salt model are
in better agreement with the available storage room data than are the
deformations and deformation rates computed with the model that includes
the stratigraphy. Thus, an estimate of closure based on the all salt
model is probably as accurate as any that can be made at this time.

The time scale for the vertical closure histories in Figure 4 is
extended to two hundred years in Figure 8, and the history computed with
the all salt stratigraphy indicates that the floor and roof will touch
in approximately 195 years. (The storage room was original ly 3.96 m
(13ft) high). The horizontal closure history is extended to 200 years
in Figure 9, and the closure histories are plotted on logarithmic scales
in Figures 10 and 11. Logarithmic closure histories computed with the
reference stratigraphy both with and without reduced elastic constants
are also shown in Figures 10 and 11. Oeformed shapes of the storage
room are shown at times of O, 10, 50, 100, 125, 150, 175, and 195 years
in Figures 12 - 19. These deformed shapes indicate that the volume of
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the room has been reduced significantly by 100 years. The volume
reduction is quantified in Figure 20 where the volume loss of the room,
expressed as a percentage of the original volume, is plotted versus
time. The volume was computed from the displacements around the opening
with the VOLCAV program [4]. At approximately 44 years, the volume of
the storage room has been reduced by 50 Z, and at 100 years the volume
loss is about 76 Z..

CONCLUSIONS

The use of a storage room model with no stratigraphy (all salt) and with
a constitutive model for salt consisting of the WPP reference creep
model and reduced elastic properties produces both vertical and
horizontal closure rates in good agreement with closure rates measured
!in the SPDV test panel. Based on this model, the storage rooms will
close in approximately 195 years with a volume reduction of 76 %
occurring in 100 years. These predictions are made without modeling the
waste or backfill which will be placed in the rooms. If additional
calculations are needed, a more complicated model which includes both
the waste and backfill should be used. The model also does not account
for failures in the salt, such as slabbing and layer separations, which
could affect the predictions.
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TRU Storage Room Calculation with Stratigraphy

INTRODUCTION

A calculation to determine the creep response of a WIPP storage room for transuranic
(TRU) wastes has been completed to a simulation time of 115 years. The stratigraphic
layering around the room is included in this calculation with the anhydrite layers and the
o*.I-polyhalite layer modeled as plastic materials .with pressure dependent deviatoric yield
strengths defined by the Drucker-Prager yield criterion. The constants for the Drucker-
Prager model are variations of the WIPP reference values [1] and have been used for various
other WIPP calculations [2-5]. The halite layers were modeled with the WIPP reference
secondary creep law [1] and with the WIPP reference elastic moduli divided by 12.5.

This latest geomechanical model is the fourth to be applied to the TRU rooms in the past
few years. In the first model [6], the anhydrites were treated elastically, and the WIPP
reference secondary creep model, with reference values for the e!astic constants, was used
to characterize the halite layers. Measured TRU room closures and closure rates, both
vertical and horizontal, were at least three times larger than those computed with thw
original model. Similar results had been found for the South Drift 17], and an in-depth
study of the many parameters affecting closure of the South Drift indicated that changing
the elastic moduli used with the WIPP reference secondary creep law could produce large
increases in both drift closures and closure rates [7]. A subsequent study showed that
dividing the reference Young’s modulus by 12.5 would produce horizontal closures and
closure rates for the South Drift that were in good agreement with measurements [8]. As
a result, in the second model of the TRU room [9]3 the reference elastic properties for
the halite layers were divided by 12.5 in an attempt to improve the agreement between
measured and predicted closures. The anhydrite and polyhalite layers were still treated as
elastic materials. Horizontal closures and closure ratea computed with this second model
were in reasonably good agreement with measured values, but agreement was not as good

in the vertical direction. Observations of the anhydrite layers around the rooms at the
WIPP Site, most notably Marker Bed 139, indicated that the anhydrit~ were cracked
and probably provided little resistance to the flow of adjacent salt Iayers. Consequently,
in the third geomechanical model of the TRU room [10], the stratigraphy was omitted,
md all of the rock around the room was modeled as halite, which was characterized by
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the WIPP referencesecondarycreep law with the reference elastic properties divided by
12.S. This model produced both vertical and horizontal closure ratee that were in good
agreement with the data. This model was used to determine that a TRU room would be
76% closed in 100 years and 98% closed in 195 years. These closure predictions represent
%st” estimates in the sense that the closures and closure rates agree with data for as long
as data are available. The latent geomechardcal model, described in this memo, was used
to determine a more conservative bound on the time needed for a TRU room to close.

MODEL DES CR1PTION

The geometrical configuration, boundary conditions, initial conditions, and stratigraphy
for the TRU room calculation dticribed here are identical to those used in the earlier
TRU room calculations. A detailed problem description is provided in [6] and will not
be repeated here. The reference secondary creep law for the halitic layers is described
in [1]. The elastic moduli for balk, which were used in thii analysis, are the reference
values reported in [1] divided by 12.S. The Drucker-Prager constants for anhy&lte and
polyhtilte are presented in [6]. Clay seams in the stratigraphy were treated as slide lines
with coefficients of friction of 0.4. Slide limes were also used along the floor, roof, and wall
of the room to prevent these surfaces from overlapp”mg when the deformations became
large.

The calculation wsa terminated at a simulation time of 115 years because of computational
expense. To that point the calculation had taken 46 hours on the CRAY-lS and had cost
“mthe neighborhood of $20,000. The earlier all-salt calculation “mwKlch the stratigraphy
had been omitted was run to completion, that is, to a simulation t“me of 200 years, in less
than 6 hours. The incressed expense of the new calculation is due primarily to the fact
that small time steps had to be taken for the solution to converge. The slow convergence
was caused by the large amount of sliding that takes place along some of the clay seams.
The calculation can be resumed from its termination point if necessary.

RESULTS

Floor, roof, and wall displacements computed in the new calculation are compared in
Figures 1 and 2 to those computed with the earlier models of the TRU room. These results
indicate that the displacements obtained by modeling the anhydrites with a Drucker-Prager
model are essentially the same as those obtained by modeling the anhydrites elastically.
The reason for this is that all of the arihydrite layers are located either above or below
the room where they have horizontal confinement and hence large pressures and deviatoric
yield strengths. If anhydAte layers had been located in the wall of the room, as in the
cases of Rooms A and B, the pressures in these anhydrites intersecting the room would

have been much lower; the layers would have yielded [2-3]; and the results obtained with
the Drucker-Prager model for anhytilte would have been quite different from the results
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obtained with ekwticanhydriteiz.

Vertical and horizontal closure histories are shown in Figures 3 ant? 4, respectively; closure

rates are provided in Figures 5 and 6; and logarithmic plots of the closures are shown in
Figures 7 and 8. AE shown in Figure 5, the vertical closure rates predicted in the new
calculation with the Drucker-Prager anhydrites are much lesB than the measured rates. As
a result, Vie to closurem (the t“me needed for a TRU room to close completely) predictions
arising from thii model should be extremely conservative. For all practical purposes, the
room is closed when the fioor touches the roof. The earlier all-salt calculation [10] indicated
that when the floor touched the roof at a simulation time of 195 years the room had lost
98% of its initial volume. A %ime to closure” estimate based on the calculation with
the Drucker-Prager model for anhydrite can be extrapolated from the logarithmic vertical
closure history in Figure 7. An extrapolation, based on the assumption that the new

history has the same shape as the closure history obtained with the all-salt model, results
in a “time to closure” of between 400 and 500 years.This bounding prediction is much
larger than the ‘best” estimate of 195 years obtained with the all-salt model.

The bounding condition does not look near as severe, however, when room volume loss
after 100 years is considered. Volume loss, expressed as a percentage of the initial TRU

room volume, is plotted as a function of time in Figure 9. At 100 years, the ‘best” estimate
obtained with the all-salt model is a volume 10SS of 76%. The bounding value obtained
with the Drucker-Prager anhydrite model is a volume loss of 56%. Thie means that volume
reduction of the room should be no less than 56% in 100 years, but it could be as high as
76%. A volume reduction in this range should be sufficient to remove all of the void space
initially contained in the backfill and in the drums partially filled with TRU waste.

Deformations around the TRU room are shown in Figures 10-12 for simulation times of 10,
SO, and 100 years, respectively. Also shown in each of these figures are deformations com-

puted in an all-salt calculation with the same mesh as was used in the calculation with the
Drucker-Prager anhydritee. These deformed shapes clearly show, as do the displacement
histories in Figure 1, that the main difference in the two calculations is the floor response
which is governed primarily by the material model assumed for the anhydrite in Marker

Bed 139. ~eating the anhydrite layers, especially Marker Bed 139, as homogeneous, in-
tact layers, with either an elastic or a Drucker-Prager model, ignores the pervasive cracks
observed in the anhydrite and is probably valid only in a bounding calculation such as
the one presented here. Ignoring the anhydrites completely, as in the all-salt model, is
not completely valid either, but the cracked anhydrites probably do provide almost no
resistance to the creep of the surrounding salt.

CONCLUS1ONS

An upper bound estimate of the time needed for a TRU storage room to close can be
obtained from the computed TRU room response described in this memo.- The anhydrite
layers are treated with a Drucker-Prager plasticity model, and the WIPP reference sec-
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ondary creep model, with the reference elastic moduli divided by 12.5, is used to represent

the behavior of the htilte lay-. Although the calculation was terminated after a sim-
ulation time of 115 years, when the room had lost 56% of its Wltial volume, a ‘time to
closure” estimate of between 400 and 500 years was obtained by extrapolating the vertical
closure history. Thii estimate is almost as conservative as the estimate that would have
resulted by treating the anhydrites as elastic layera. It is also much larger than the earlier
“best” est”mate of 195 years which is based on an all-salt model in which the ‘strength”
of the cracked anhydriti is modeled to be much lower. The 56% volume reduction at 100
years is a reasonable lower bound on the “best” estimate of 76% obta”med with the all-salt
model. Better bounds can only be obtained with a better model for anhydrite behavior.
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Why Reduced Modulus and Similar Methods Appear to Work for Calculations of
Creep Closure in Salt.

As attempts to make predictions of the creep closure of underground
openings in salt have been made over the years, a number of interesting
calculational prediction methods have resulted from the use of
constitutive models based on steady state creep, together with significant
reductions of the elastic modulus or increases in initial elastic
strains. In general, the changes in modulus or strain required by these
methods are far in excess of the permitted values of these parameters as
determined in the laboratory. At this point it is perhaps worthwhile to
explain why these methods appear to work, and also to demonstrate
potential shortcomings.

Historically, the development of constitutive formulations for the
prediction of the creep response of salt have been based on laboratory
obsenrations, but have not necessarily included all of the obsened creep
behavior. We can refer to Figure 1 to see the customary decomposition of
the conventional laboratory creep cuxwe into a steady state component and
a transient component. The figure shows only the stress loading or
primary transient response; typically, the more general response must also
include a stress unloading transient. In salt creep, the unloading
transient is not the negative of the loading response. As shown, the
“transient strain limit” or e*t is the measure of the total transient
strain required to achieve the steady state condition. For those
constltutive models based on steady state, the transient component is
essentially ignored, so the creep strain is just given by the line of
constant slope, as, beginning at the origin, as shown in Figure 1. For
❑ore complete models, the transient responses are also included in the
constitutive model, sometimes this amounts to just the loading transient
and sometimes to both the loading and unloading transients.

Just how much of the creep behavior is necessary in the constitutive
formulation used for prediction of creep closure 1s the subject of
considerable discussion. Of course, what is actually necessary may be a
matter of the field problem being solved. For example, in performance
prediction for nuclear waste repositories in salt, one major requirement
is to determine the time
hence, the encapsulation
of salt creep rates that
attain complete closure.

for complete closure of repository rooms and,
of the waste. It is known from simple extension
It would take tens, perhaps hundreds, of years to

Because in the laboratory test the transient
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strains are small in comparison to possible steady state strains, it would
appear that for “long time” predictions, as in this example, only the
steady state creep contribution is important. In other words, the
characteristic relaxation time for transient effects is short compared to
the time frame of the problem. In more straightforward example, the use
of steady state constitutive descriptions would not, in general, be
adequate for predicting early closure of repository response for design of
seal systems or for providing estimates of room failure for operational
safety. The steady state description would underpredict the actual creep
deformations for these situations where the transient strains are clearly
of the same general magnitude as the steady state strains.

Regardless of the specific problem, however, in using simplified
models of actual material behavior, there is always a danger of
unknowingly eliminating some aspect of the behavior that is of vital
importance to the final application.

3’he WIPP ExneriencQ

The first opportunity for a comparison between prediction and WIPP in
situ room closure measurements caused immediate concern. Calculations of
a WIPP access drift underpredicted the measured closure and closure rate
by at least a factor of three [Morgan et al., 1985]. These calculations
used the Waste Isolation Pilot Plant (WIPP) Program reference steady state
creep law and properties [Krieg, 1984] established at that time. The
reference creep law was based on steady state creep, with an optional
first order kinetics transient response. The optional transient response
was not used in the calculations. The reason for the discrepancy was not
understood at the time. It was thought that errors in the creep
parameters or that a very low stress viscous mechanism not found in
laboratory tests might be responsible. An extensive study along these
lines showed that within the range of possible uncertainties in parameter
values, even maximizing the effects of the uncertainties, could not
explain the discrepancy, and that the inclusion of the viscous mechanism
altered the calculated closures inappropriately at very late times. As a
part of a later study by Morgan et al. [1986], it was found that a
degraded elastic modulus increased the calculated closure rates while
preserving all of the important characteristics observed in the measured
results. A reduction of Young’s modulus by a factor of 12.5 produced an
exceptional “fit” between calculated and measured closures of the WIPP
South Drift. Why this arbitrary reduction of elastic modulus gave such a
good fit could not be explained at that time; however, the success of the
calculations led to the more-or-less routine use of the reduced modulus in
subsequent WIPP calculations.

More recently, Morgan and Krieg [1990] explored various hypotheses in
an attempt to explain why the reduced modulus method works. Hypotheses
included (1) potential microfracture development in the salt near the room
surfaces which would result in a lowering of the apparent elastic modulus
and (2) potential far field increases in initial elastic strain caused by
the reduced modulus which could result in additional room closure
displacement. While not substantiating either of the initial hypotheses,
the study uncovered a further obsenation that a reduced modulus gave
better results in the analysis of laboratory stress relaxation tests.
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3’heE roD-nu COSA Benchmark Experience

Starting in 1986, the European Community sponsored a series of
important benchmark studies involving bench scale salt block laboratory
tests (COSA I); deep borehole, with some heating, in situ tests (COSA II);
and numerical calculations (both COSA I and II) [Lowe and Knowles, 1989].
The block testing was done on ASSE Mine salt at the Energieonderzoek
Centrum Nederland (ECN) in the Netherlands. The deep borehole was an ECN
(“the Dutch Borehole”) test fielded in the ASSEHine research facility in
the Federal Republic of Germany (FRG). A steady state creep reference law
and material properties based on the laboratory tests conducted at the
Bundesanstalt fur Geowissenshaften und Rohstoffe (BGR) in the FRG was
given as the base line for the benchmark. Thus, the COSA reference
constltutive law was for steady state only, using the Norton form.
However, In the actual calculations, the participants had considerable
freedom to select alternate constitutive models, to vary material
properties, and to reduce the initial boundary stress, which makes any
generalization of the results every difficult. Nevertheless, there were
some very intriguing aspects of the results.

Among the participant calculations, few matched the measured unheated
Dutch borehole closures. There were three exceptions. Two participants
that used a complicated, two component, steady state constitutive model
with a set of non-COSA benchmark material properties obtained good
calculational agreement. However, the other exception was a participant
that used the COSA reference constitutive steady state model with
significant modifications in the material properties. The modifications
were a factor of 2 increase in the structure factor and a factor of 2
decrease in the modulus based on a reference modulus of 24 GPa.

Many of the initial participants, in later calculations, When they
changed the same two parameters could obtain similar agreement to the
experimental data. Interestingly, in one of these subsequent
calculations, one participant (Ghoreychi/Barest)used the COSA reference
law and properties, but incorporateda Tresca rather than the customary
von Mises flow condition, to obtain very good agreement to the measured
results.

The most important aspect of the COSA II calculations, for our
purpose, is that calculational agreement could be obtained by modification
of the material properties in a steady state constitutive law with elastic
strain. The final modification was a factor of two increase in the
structure factor and a factor of two decrease in the modulus. Although
the process of arriving at this combination of changed parameter values is
unknown, it appears that simple changes in one parameter was insufficient
to match the borehole closure data. h essential part of the parameter
modification was the arbitrary reduction in the modulus. This reduction,
however, is smaller in magnitude than that used by Morgan et al. [1986].
Based on the UIPP 31 GPa modulus value, the European reduction is a factor
of 2.6 rather than 12.5. In order to get the creep rate higher, the
Europeans apparently had to increase the structure factor; an increase in
structure factor causes a comparable one-to-one increase in steady state
creep rate.

A-107



B= St noe dificatio~

Barest [1990] in the wake of the COSA II calculations has not
continued to use the Tresca flow condition nor the arbitrary change in the
COSA reference material constants. Rather, he has assumed in the
calculation an artificially large elastic component which has a magnitude
equal to e*t, see Figure 1, as measured in laboratory creep tests. This
can be stated as:

e*t(s) - ee(S) (1)

where ee is the artificial elastic strain which has the same dependence
upon the stress, S, as the transient strain limit. Typically e*t is a
monotonic, increasing function of the cube of stress. Thus, Barest has
replaced the strain dependent accumulation of transient strain with an
instantaneous step function elastic strain at time zero. This permits
incorporation of a “transient” like response into the steady state
constitutive model without the numerical complications of a true transient
constitutive model.

JmDlic ation s

It is now easy to establish the common thread in these methods which
use arbitrary degradations in elastic modulus or increases in elastic
strains. Morgan et al. [1986] reduced the modulus according to

‘e - a SIE (2)

where a is the modulus reduction factor. However, if we write the
following:

ext(s) - ee(s) - a s/E f(s) (3)

where f(S) is some function of stress. The implication is that a
reduction in modulus or an assumption of an artificially large elastic
strain can be simply related. Either of the methods are actually step
function representations of the total transient strain (transient strain
limit) required to achieve steady state creep.

Figure 2 is the laboratory determination of the transient strain
limit, e*

f’
for clean WIPP salt as a function of stress [Munson et al.,

1989] . A though we do not have Barest’s data, it could be expected that
his assumed step function elastic strains would have to match closely the
transient strain limit as a function of stress. This suggests that had he
determined the stress dependence, it would have been nearly cubic.

Morgan et al. [1986], without any basis to do otherwise, when they
used Eq. 2, effectively set f(S) to one. Equation 2, with a reduction
factor of 12.5, is given by the appropriately marked line in Figure 2.
This line is constrained to a slope of one, so it can only approximate the
measured transient strain limit data. However, the choice of the modulus
reduction factor would, through the backfitting procedure for a given
problem, place the reduced modulus strains at a position to best represent
the appropriate creep data. l%is appears to be at a stress of about 12
MPa, which could be expected to be a representation of the “average
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stress” of the in situ problem used in the backfitting. We can see
however that the reduced modulus method can not give a very adequate
representation of the transient strain limit for all stresses. For
problems with higher “average stresses”, such as an excavation at a
greater depth, then the reduction in modulus would probably have to be
larger to obtain an acceptable back fit.

Amlication to Cablatiu s

An interpretation of step function elastic strains to represent the
transient response in calculations of in situ test results is reasonably
complicated. The step function representation insists that all of the
transient strain appears instantly upon application of the stress, rather
than gradually with time. If, indeed, the stresses were applied
instantaneously, then the step function representation would be clearly
unacceptable because it would overpredict the early strain. As can be
seen from Figure 1, the overprediction decreases with time, until the step
function response and the correct transient strain function become equal
when steady state creep is achieved. As a result, if we look at very late
times for stress loading problems, the calculated strains would be the
same for either step function elastic or correct transient creep strain
representations. However, this indicates that how well the step function
elastic strains can represent actual measured creep strains is itself time
dependent.

What seems the most confusing of all is the ability of these time
independent, step function elastic strain methods, combined with only a
steady state creep constitutive model, to calculate clearly time depehdent
closure results for underground rooms or deep boreholes. We need to

examine this process carefully. First, if only a steady state
constitutive model is used to calculate borehole convergence, the
calculated convergence is not constant, but continues to decrease with
time. l’hls is caused by the stress field continuing to change with time
because of the geometry of the problem. Consequently, it is clear that a
time dependent behavior can develop from non-material (geometrical), as
well as material, sources. Second, any instantaneous strain increment
which is a function of stress will mirror, in time, the changes of the
stress field. If the stress field changes, the instantaneous strain
increment will also change. Again, the material response is not time
dependent, rather the time dependence of the closure is the result of the
changing stress field, a non-material effect. Thus, a steady state creep
model with instantaneous elastic strain still will yield time dependent
closure for problems in which the stress field is changing with time.
Third, introduction of a the true material behavior, with time dependent
transient creep, together with steady state creep, will only alter the
details of the time dependent closure in those problems which already have
a geometrical time dependence resulting from a changing stress field.

The interpretation is further clouded for real problems which involve
gradual stress loading or progressive changes in the stress field because
of the geometry of the problem. Gradual changes in loading will produce a
time dependent incremental increase in the step function elastic strain
which is directly proportional to the rate of stress increase. Of course
the same effects occur on stress unloading. As a result, for any problem
in which the stress field is changing, such as a field expanding with time
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to include previously unstrained material, the step function elastic
strain will continue to add incrementally to total deformation. The
importance of such expanding stress fields, and hence strain fields, to
calculations of room closure was first pointed out by Munson et al.
[1989]. Although the strains in the leading edge of an expanding stress
field may be small, the expanding field encompasses a large volume of
material; as a result the integrated displacement at the room surface from
these small strains can be significant.

The difference between using an artificially large elastic strain to
represent the transient creep strain and Using the true transient strain
function for a problem with changing stress fields is that deformations
are forced to earlier times with the artificially large elastic strain
representation. For the same incremental change in stress the true
transient creep strain model will develop strain more slowly than for the
assumed instantaneous elastic strain model. Consequently, closures
calculated using the instantaneous elastic step function to represent the
transient strain will have a greater amount of early cumature than those
using the true transient response representation.

The difference between using an artificially reduced elastic modulus
to represent the transient creep strain and using the true transient
strain function for a problem with changing stress fields is as stated
above, except for additional concern introduced because the linear
relationship between the elastic strain and stress of Eq. 2 is in general
not a good representation of the transient strain limit. Consequently,
the best fit value of the reduction factor must be problem dependent.

Because there appears to be no characteristic differences in general
appearance of calculated closure tunes for those cases with just time
dependent geometrical effects and those with time dependent material
response, we cannot discern the difference between steady state (with or
without artificially large elastic strains) and transient creep
constitutive models. What this means is that field data, in general, will
not contain sufficient information to permit us to uniquely define the
constitutive model. It seems therefore critical to use fully our
knowledge of laboratory data, obtained under conditions of constant stress
(no geometrical time dependent effects), in determining the constitutive
model for creep. In such a model, we know that the material transient, as
well as the steady state, response must be included.

There remains another important area where the step function elastic
strain representation may cause concern. This is particularly true for
calculations of seal component response based on returning the adjacent
salt to the lithostatic stress condition and room reinflation because of
gas generation since in both these cases the salt undergoes stress
unloading and pressure reloading. If after Initial stress loading, the
stress then is reduced, all of the step function elastic strain will “come
back out” of the calculation. The implication is that negative creep of
appreciable magnitude will occur. However, this is known not to happen in
salt creep. Actual creep strains, once accumulated, are not recovered
elastically.
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In summary:

(1) It 1s demonstrated that the use of arbitrarily reduced modulus and
the assumption of abnormally large initial elastic strains are equivalent.

(2) These methods canbe considered as a step function representation
of the transient creep strain.

(3) The abnormally large initial strains canbe related and perhaps
are deduced from laboratory transient creep data, specifically the
transient strain limit.

(4) The reduced modulus representation can, at best, be only a crude
approximation to the laboratory transient creep data.

(5) Although step function representationswill give what appears to
be time dependent accumulation of strain for problems where the stress
fields change because of the problem geometry, these representations will
not necessarily give accumulation rates comparable to the transient creep
strain representation.

(6) Upon unloading, the step function representationswill result in
negative creep, an effect not seen in actual salt creep.

Jlecommendatio~

Although probably not always possible, it would seem advantageous to
incorporated the time dependent accumulation of transient strain, with
different response functions for stress loading and unloading, into all
our creep calculations, whenever to do so would not cause significant
calculational problems.
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Implications of the Experimental Consolidation of Crushed Salt/metal Mixtures and Pro-

posed Work

INTRODUCTION

An important problem in the design of backfill materials and techniques for the WIPP is
to ensure the consolidation of the backfill to a low-permeability mass encapsulating the

waste. The major component of suggested backfills is crushed salt. Previous experiments
have shown that when damp crushed salt is subjected to hydrostatic pressure, it hss
the desirable property of consolidating rapidly to high fractional densities (Holcomb and
Shields, 1987) and hence to low porosities and permeabilities.

Various additives to crushed salt are being considered to achieve higher absorption of brine,
radionuclides and gases. Further, shredded wastes may be mixed with crushed salt and
placed into storage drums to decrease void space.

BACKGROUND

Additives to crushed salt will certainly alter the consolidation rate. At one extreme are
likely to be non-deforming, inert materials, such as metals and hard plastics. At the other
extreme wil) be the highly deformable materials, which flow easily, exemplified by betonite.
It is expected that the rigid materials will have a stronger influence on consolidation rates
of crushed salt. Accordingly, we have begun to investigate the effects of the presence of
rigid, inert inclusions on the hydrostatic, time-dependent compaction of crushed salt. Of
interest is the response of the mix to long-term hydrostatic pressure and the evolution
of the permeability of the mix as it densifies. The tests mentioned here cover only the
constitutive behavior as we did not measure the permeability of the post-test samples. We
have completed 6 creep consolidation tests on salt-metal mixtures. The samples comprised
mine-run crushed salt, mild steel disks, and water. The steel disks were 22,4mm in diameter
and 1.55mm thick. Sufficient water wae added to give a water content of 1.8% (exclusive
of the water content of the salt). The mass fraction of inert material was about 0.44
in each sample which corresponds to an inert solid volume fraction of 0.18. By way of
comparison, 20% is the solids content of the Engineered Alternatives Task Force (EATF)
option of shredding combustibles and mixing with grout. The solids content is 12% in
the EATF option of shredding metals and mixing them with salt (R. Beraun, Org. 6345),
The concentrations of gas getting materials are yet to be established. Thus, the 18 volume
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per-cent of solids used in these tests is representative of the concentrations of solids that

might be mixed with salt filler. At higher concentrations, the inert inclusions can begin to

form a continuous framework that would be more effective in resisting consolidation, and

could tend to create continuous pathways for fluid migration.

Jacketed samples of the mixture, vented to the atmosphere, were subjectedto hydrostatic

pressuresfor up 69 days. Figure 1 summarizes the time-dependent response of the six

experiments. Of particularinterestishow well the currentlyused constitutiveequation,

modified for the presence of inertinclusionsagrees with the data. Sjaardema and Krieg

(1987) develop the constitutiveequation for damp crushed salt,based on experiments of

Holcomb and Shields(1987),that isgiven by

Pa= Bo[eB’u- l]eAP*, (1)

where p, is the density of the crushed salt; J30[. . .] describes the pressure effect; A, 130, and

131 are experimentally determined constants; and o is the consolidation pressure. Equation

1 may be modified (Callahan and DeVries, 1991) to describe a mixture of 2 non-interacting

components

(2)

where p. isthe initialdensityof the mixture, t isthe volume strainrate (alsocalledthe

compaction rate),and m, is the mass fraction of crushed salt. One of the components is

inert and presumed to be dilute so that the inclusions do not influence each other. Thus,

the volume strain rate is a function of the parameters of damp, crushed salt and the initial

mixture density. It can be shown that equation 2 is also written

‘mix = ‘~alt‘salt” (3)

Thus, the simple mixture theory approach indicates that the volume strain rate for damp,
crushed salt mixed with inert inclusions can be obtained directly from the equation for
damp, crushed saltweighted by the initial

the followingvaluesforA, 131, and B. from

in units from Sjaardema and Krieg (1987):

Parameter

volume fraction of crushed salt, v~alt. I took

Callahan and DeVries (1991); these differ only

Value Units

B. 1.3 x 10* kg/mgs
B1 0.82 MPa-l

A –1.73 x 10-2 ins/kg

Figure 1 shows the regression line of volume strain rate plotted against the fractional

density of the salt for each test. Also shown are the volume strain rates computed from

Equation 2 using the data from the table and the appropriate volume fractions of salt.

The numbers at the upper ends of the solid lines indicates the consolidation pressure used

to make the calculation.
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IMPLICATIONS

The consolidationdata arecompared to thepredictionsofthemixturetheoryatdifferent

consolidationpressuresinFigure1.The variationofthecompactionrateswith fractional

densityare fairlyrepresented.But, the observed volume strain rates at any given frac-

tional density are two orders of magnitude lower than the predicted rates at equivalent

pressures. (Compaction rates of the mixture are also lower than plain crushed saltby

similaramounts.) The factthat the observed volume strainrates are much lower than

predicted from simple mixture theory predictionsand from plain crushed saltsuggests

that additionof 18% by volume of inertsolidscan significantlyincreasethe time required

forencapsulationof the wastes.

ln an attempt to determine the source of the discrepancy,the pressureeffectterm was

recalculatedfor the mixture data. The term l?lwas found to be reduced from 0.82 to

0.71,only 13%. This has littleeffecton the differencebetween predicted and measured

compaction rates.Next, the constitutiveparameters forthe saltfractionof the mixture

were back-calculatedand new values of A and 130 were found. The densification rate is
much more sensitive to changes in A and this new value, A = -2.16 x 10-2, was used to
compute new prediction curves and these are shown in Figure 2. There is much better
agreement between the predicted and measured compaction rates for the new value of
A. Nevertheless, it is not clear how this type of adjustment can be justified because at
this time we do not know how the presence of the inert inclusions influences the apparent
behavior of the crushed salt. In any event, this result seems to suggest that mixture theory,
as applied here, is inadequate to describe the response of the mix.

To get information on mixtures having a wider range of concentrations; and to further

investigate the validity of mixture theory, which is linear in the volume fraction of salt

(or equivalently 1- v~nert ;) it will be necessary to compact mixtures at an additional

concentration of inert inclusions.

At this time the lack of agreement between the observed and predicted response is not
understood. The following items will have unknown effects:

● The concentration of inert inclusions may not satisfy the assumption of diluteness
and non-interaction of inclusions.

. The shape of the inert particles was discoid, and this may alter the response because
implicitly the shapes are assumed spherical when calculating the concentration.

● Some of the constitutive parameters from the crushed salt may be in error. For

example, Sjaardema and Krieg (1987) calculated the pressure effect term from the

results of only one pressure-stepped test. In addition, back-calculation indicates that

the salt fraction of the mixture samples are better fitted by different values of A.
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NEW WORK

Resolution of theabove issu=may beapproached byamore comprehensive test plan. It
is clear that we need to examine the effect of concentration of inert inclusions, and also
the effect of their shape. At least one more concentration needs to be studied. The best
would be a value near to that of a proposed metallic drum composition, about 10% metal
by volume (R. Beraun, Org. 6345). Further, the effect of inclusion shape needs to be
clarified. This would be most clearly brought out by adding spherical inert particles. The
test matrix required to accomplish these goals is as follows:

Volume Fraction Shape Replications Pressure

0.10
0.10
0.10
0.10
0.10
0.10
0.20

0.20

0.20

disk

disk

disk

sphere

sphere

sphere

sphere

sphere

sphere

2

2

2

2

2

2

2

2

2

3.45

6.90

10.3

3.45

6.90

10.3

3.45

6.90

10.3

At recent levels of funding for similar work we were able to finish 6 consolidation tests in

one year. Thus, only certain tests from this test matrix could be selected for initial work.

It is best to concentrate our initial efforts on the disk shaped materials as this is probably

closer to the aspect ratio of shredded metal pieces. Thus, 4 experiments on disks and 2 on

spheres would be suggested.

REFERENCES

Callahan, G.D. and DeVries, K. L., Analysis of Backfilled Transuranic Wastes Disopsal
Rooms, Sandia National Laboratories Report, SAND91-7052, 1991.

Holcomb, D.J. and Shields, M. F., Hydrostatic Consolidation of Crushed Salt with Added
Water, Sandia National Laboratories Report, SAND87-1990, 1987.

Sjaardema, G.D. and Krieg, R. D., A Constitutive Model for the Consolidation of WIPP
Crushed Salt and Its Use In Analyses of Backfilled Shaft and Drift Configurations, Sandia
National Laboratories Report, SAND87-1977, 1987.

A-118



A. R. Lappjn, 6340A -5- ~ovember 7, 1991
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Figure 1: Volume strain rate plotted against fractional density. The broken lines are from
experiments on crushed salt mixed with inert inclusions. The solid lines are from mixture
theory using A = -1.73 x 10-2 from plain, damp, crushed salt tests.
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FIGURE 2
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Figure 2: Volume strain rate plotted against fractional density. The broken lines are from
experiments on crushed salt mixed with inert inclusions. The solid lines are from the
mixture theory equation with A = -2.16 x 10-* calculated from the damp, crushed salt,
fraction of the mixture tests.

A-120



Sandia National Laboratories
Albuquerque,New Mexico 87185

“date: December 17, 1991

w@:*~Wl&ldliM;41345

@ WaiAa&y.4tewb “ “ ‘“
from: C. M. Stone and J. G Argiiello, 156

subject: Panel Scale Calculations for the Waste Isolation Pilot Plant (WIPP)

INTRODUCTION

One of the tasks listed in the Disposal Room Investigations Work Agreement for FY 91
was a demonstration calculation of the creep closure of a complete WIPP storage panel

containing seven empty disposal rooms and two haulage ways. The stated purpose of this
calculation is to determine the feasibility of such calculations for addressing important
issues related to repository performance. It is expected that large numbers of panel

scale calculations may be required to answer questions regarding long term repository
performance. The determination of whether such calculations can be performed and
their probable cost are important parts in developing future plans for the Disposal Room
Investigations program. The finite element code SANTOS[l] is to be used for these
calculations since its computational performance is better than SANCHO[2].

A previous calculation of the creep closure of a single empty disposal room was performed
by Morgan[3] using SANCHO. In this calculation, the creep closure of a single disposal
room was determined for a period of 200 years. This calculation showed that creep
closure reduced the room volume by 76 percent after 100 years and that the roof and
floor touched at approximately 195 years. Typically, a disposal room model utilizes room

and pillar symmetry and therefore considers only one-half of a disposal room geometry.
The single disposal room model corresponds to the response of a room in an infinite array
of similar rooms which implies that all rooms in the panel would close at the same rate.
Thus, panel scale calculations provide information regarding variations in room closure
that are needed for performance assessment. The model used by Morgan[3] utilized
approximate y seven hundred quadrilateral finite elements for the mesh discretizat ion.
This calculation required 200 minutes of cpu time on the Cray computer.

This memo documents the first two-dimensional analysis of the creep closure of a complete
WIPP panel. The next section describes the panel geometry and modeling assumptions.
The third section presents the results of the analysis followed by a section summarizing
the results.
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Table 1. Salt Material Properties Used for the Panel Scale Calculation

Young’sPoisson’s Creep Creep Thermal
Modulus Ratio Constant, Exponent, Constant,

(GPa) A n Q/RT
2.48 0.25 5.79 X1O-= 4.9 20.13+

Numerical Model

As shown in Figure 1, a typical WIPP panel consists of seven disposal rooms. Panels are
located East and West of four haulage ways which run North/South at the facility. The
disposal rooms all have the same dimensions. Each room has a width of 10.06 m and a
height of 3.96 m. The rooms are located at a horizon of 650.43 m below the surface, and
are separated by a centerlinet~centerline dist ante of 40.54 m. A plane of symmetry is
assumed to exist about a North/South line drawn through the center of the four haulage
ways. Thus, only two haulage ways and one panel of disposal rooms form the basis for
the numerical model. The two haulage ways have different dimensions from the disposal
rooms and from each other. The first haulage way, which is nearest the line of symmetry,
has a width of 7.62 m and a height of 2.44 m. The second haulage way has a width of
4.27 m and a height of 3.66 m. The centerlines of the two haulage ways are separated
by a distance of 48.78 m. The horizon of the haulage ways is assumed to be the same
horizon as that for the disposal rooms, 650.43 m.

The finite element mesh for the panel was generated by developing meshes for a single
disposal room and both haulage ways and then joining them together using a utility
program called GJOIN[4]. Figure 2 shows the mesh developed for a single disposal room.
This mesh was duplicated seven times to create the basic panel mesh. Figure 3 shows
the basic mesh for a seven disposal room panel. Contact surfaces were defined within
each room to handle contact between the room surfaces as the creep closure becomes
large. The vertical boundaries of the mesh were located a hundred meters from the room
to eliminate boundary effects. The haulage way meshes were joined together and to the
seven disposal room mesh using transition meshes. Figure 4 shows the two haulage ways
and the transition mesh. An additional transition mesh of 200 m was added to the basic
panel mesh to create a farfield horizontal boundary. The complete mesh is shown in
Figure 5. The model contains over 23,000 quadrilateral finite elements. This model is
over 30 times larger than the model used by Morgan[3] in his calculation.

The stratigraphy was assumed to be composed of all salt with Young’s modulus divided
by the usual factor of 12.5. The properties used in the analysis are shown in Table 1. The
creep model used is the power-law elastic/secondary creep model implemented in SAN-
TOS. An applied overburden pressure of 12.23 MPa was applied along the top boundary
in conjunction with a gravity body force load in the salt. The combination of overbur-
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den and gravity load is equilibrated by a pressure of 17.52 MPa applied along the lower
boundary of the mesh. A horizontal symmetry boundary condition was applied along
the left side of the mesh. A no horizontal displacement boundary condition representing
the effects of a farfield boundary was applied to the right boundary of the mesh. The
applied boundary conditions are shown schematically in Figure 6.

Analysis Results

This calculation contains several important areas of interest for the Disposal Room In-
vestigations Program. The first is the variation in vertical room closure within a panel.
The second is a comparison of panel scale room closure with the closure from a single
disposal room calculation. The room numbering scheme used in discussing the results
is shown in Figure 6. The vertical room closure is defined as the sum of the floor and
ceiling vertical displacements at the room centerline. Contact between the floor and roof
corresponds to a closure of 3.96 m. Figure 7 shows the vertical closure history for Rooms

1-4, and Figure 8 shows the closure history for Rooms 4-7. The curves of vertical
closure show that Rooms 1 and 2 are the only rooms that do not experience floor and
roof contact within the 200 year analysis period. After studying the results, it appears
that the closures are similar for Rooms 2 and 6 and Rooms 3 and 5. Rooms 1 and 7 were
expected to have similar closure histories but the presence of the haulage ways results in
a faster closure for Room 7. Comparison of the closures for Rooms 1 and 7, Rooms 2 and
6, and Rooms 3 and 5 are shown in Figures 9- 11, respectively. The results show that
the fastest closure (153 years) occurs at the center room (Room 4). The time to achieve
room closure increases with distance from Room 4. The two haulage ways (Rooms 8
and 9) have closure histories, Figure 12, different from the other rooms due to their size
differences and their location near the plane of symmetry. Room 9 experiences contact
between the floor and roof within the 200 year analysis period; however, Room 8 exhibits
a very slow closure during the 200 year period due to its initially square shape. Individu-
als concerned with the closure and the degree of backfill compaction in the underground
rooms will be interested in the response of Room 8 because it reaches only 50 percent

closure in 200 years.

The closure of Room 4 can be compared to the closure for a single disposal room config-
uration similar to the one analyzed by Morgan[3]. The single disposal room calculation
presented here was performed using the finite element code, SANTOS, with a mesh
discretization utilizing approximately 1200 quadrilateral finite elements. The closure
comparison between Room 4 response and the single disposal room model is shown in
Figure 13. The single disposal room model shows a slightly faster closure (140 years)
than Room 4. This result is not unexpected since the single room corresponds to a larger
underground extraction ratio. The single disposal room calculation provides a benchmark
for relating single room analyses to probable panel scale responses.

The execution time for the panel scale calculation needs to be compared to other dis-
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posal room calculations in order to assess the cost of performing such large scale calcula-

tions. The panel scale calculation performed for a 200-year study period using SANTOS
required 55 minutes of cpu time on the Cray YMP computer. This time should be
compared to the 200-minute cpu time required for the single disposal room model an-
alyzed by Morgan[3] using SANCHO. The single disposal room model required 16 cpu
minutes using SANTOS which clearly demonstrates the f~ter execution times available
with SANTOS. Based upon the 55 cpu minutes required for the panel scale calculation,
performing panel scale calculations on a regular basis seems to be reasonable both from
the perspective of cost and time.

Summary

Several important observations can be made based on the panel scale calculation. First,
the panel scale calculation can provide the details necessary to determine the room to
room variation in vertical closure. This is important since three different room geometries
exist within a single panel. Room response within the panel varies from complete closure
of a disposal room to 50 percent closure of a haulage way in 200 years. Second, the
fastest closure of a panel room is within 10 percent of the closure computed by a single
disposal room model. Finally, the cost in both analysis time and money of performing
a panel scale calculation is within bounds which should be acceptable to the Disposal

Room Investigations program. Variations in the problem definition requiring different
boundary conditions or constitutive models will probably increase the cpu time required
from the values reported here.
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Figure 5. Mesh Discretization Used for the Complete Panel
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subject: Resolution of the Discrepancy in Predicted Closure of an Empty Disposal Room

Jntroductio~

Recently, there has been some concern expressed over the differing results obtained for the
computed creep closure of empty disposal rooms in salt. The calculations [2-3] were to be
used as a f~st estimate of the void fraction of compacted waste within the disposal rooms.
The calculations performed with two different ftite element codes, SANCHO [6] and
SPECTROM-32 [1], showed large differences, greater than a factor of 2.5, in the time to
completely close the room. The analysis performed with SPECTROM-32 showed a faster
closure rate than the calculation performed with SANCHO. We believe these diffenmces
to be associated with the different kinematic formulations used in the codes, specifically,
the difference between small deformation and large deformation formulations. In addition,
we believe the lack of contact surfaces applied to the roof, floor, and rib of the
SPECTROM-32 disposal room model also contributed to these differences.

The necessity of including large deformation kinematics in analyzing the response of
WIPP disposal rooms is not new. As early as 1986, the WIPP project sponsored a parallel
calculation exercise [4-5] between these same codes. This exercise involved computing the
C1OSURof a heated disposal room for a period of five years. The vertical closure results
differed by more than 25 percent for the time period studied. The major factor contributing
to this difference was identified during the discrepancy resolution process as the difference
between large deformation behavior (SANCHO) and small deformation (SPECTROM-
32). The magnitude of the vertical closure in the parallel calculation was computed to be
approximately 1.0 m at five years. This amount of closun is small in comparison to the
3.96 m closure required for the floor and roof in the calculation of current interest so the
probability of experiencing large deformation behavior is high.This memorandum will
present the results of a numerical study performed to document the cause of these
differences. The following section will describe the physical problem and the numerical
model used for the study. The third section will describe the numerical codes and point out
their differences. The final section will present the nxults of the study and discuss the
reasons for the apparent discrepancy.
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Figure 1. Geometry, Boundary Conditions and Mesh Discretization Used for the
Analysis of the Creep Closure of the Empty Disposal Room

Problm DQMUUIM
. .

The problem of interest is the computation of the time-dependent closure of an empty
WIPP disposal room. We will study a model problem involving the closwe of an empty
disposal room in an all salt stratigraphy. The room is one of an inftite array of disposal
rooms, 40.54 m on center, so symmetry boundary conditions are used to simplify the
problem. The disposal room size is 10.06 m wide by 3.96 m high. The room is located at
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the repository horizon which is 650.43 m below the surface. The vertical extent of the
problem is approximately 50 m above and below the room horizon. A traction boundary
condition is applied to the problem at the top bounday to represent the load associated with

the salt overburden. Gravity loads are applied to the salt and a vertically varying initial

stress state is applied based on the density of the overburden and depth below the surface.

The lower boundary traction reacts the applied overburden and gravity loads. The problem

geometry and applied boundary conditions are shown on the generated mesh in Figure 1.

The mesh contains approximately 1100 uniform strain quadrilateral elements. The
constitutive model used for the salt is the old reference elastic-secondary creep model with
reduced elastic constants, E/l 2.5. The constants used are shown in Table 1.

Table 1: Salt Material Fropeti”es Used for Disposal Room Calculations

Young’s
Poisson’s Creep Stress

Thermal
Modulus

Ratio Constan$ A ExponenL n
Constant

(Pa) Q/RT

24.8 X 108 0.25 5.79 x 10-36 4.9 20.13

CodeDescrintion~

The two structural codes, SANCHO [6] and SPECTROM-32 [1], used for the calculations
are quite different. SANCHO is a special pu~ose ftite element program which has a single
element type. The element is a four-node quadrilateral with the numerical integration
performed at the 2x2 gauss points for the deviatoric part of the stress and at the element
centroid for the bulk pressure part. The code uses an adaptive dynamic relaxation technique
to achieve an equilibrium solution to the applied loads. The code is based on a large
displacement formulation which means that the current deformed geometry of an element
is used in computing the element stiffness, body forces, and traction boundary conditions.
This can be a very important effect when large deformations occur such as in the problem
discussed in this memo. SANCHO also has a master-slave contact surface algorithm which
can be used to model arbitrary contact of surfaces such as contact between the roof, floor
and ribs of a disposal room. SPEClllOM-32 is a general purpose, ftite element code with
several different elements in its element library. It has the four-node quadrilateral element
which is found in SANCHO. SPECTROM-32 is based on a small deformation
formulation, which means that the element stiffness is based on the original element
geometry. Changes in geometry will not be Mected in updates to the element stiffness or
to the applied loads that should result when an element’s shape changes. SPECTROM-32
also does not have the capability for modeling arbitrary surface contact However, it does
have the capability to model sliding surfaces using a thin, special element.

The SANTOS [7] code, a new code based on the original SANCHO solution algorithm, has
been used for the pment work. It is based on a large deformation formulation. However, it
was modified for this study so that it would also generate small deformation solutions for
comparison to the large deformation solutions. The code contains a single element type
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which is a uniform strain, four-node quadrilateral element. The code uses a self-adaptive
dynamic relaxation scheme to reach the equilibrium solution. An arbitrary contact surface
algorithm based on the master-slave concept is also implemented. The element type and
code architecture am based on current state-of-the-art ffite element technology. It should
be noted here that a finite element code with a large displacement formulation can generate
small displacement solutions if the displacements are small. However, a small
displacement code cannot produce a large displacement solution..
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Figure 2. Comparison of Analysis Assumptions Used for Calculation
of the Disposal Room to Closure

J)isDosa1Room Calculatio~

Several calculations were performed to investigate the effects on closure of large
deformation and of including contact surfaces between the roof, floor, and rib of the
disposal room. Figu~ 2 shows the pement of original room volume as a function of time
for the four different analyses performed in this study. The fmt analysis involved the
assumption of small deformation behavior without the pnxence of contact surfaces. This
calculation, designated as Small Deformation/No Contact in Figtue 2, represents the results
possible with SPECTROM-32. The volume of the disposal room is shown to decrease
almost linearly with time. This same linear behavior is seen in the percent volume-time
results reported in [2]. The final room deformed shape is shown in Figure 3. Note that the
comers of the room have overlapped during the calculation. This means that after overlap
has occurred the results no longer have any physical meaning. The deformed shape in
Figure 3 also illustrates the difficulties in determining the correct room volume for this
comparison. In this study, the reported volume at any particular time was computed on the
basis of the non-overlapped ma.
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The second analysis again used the small deformation assumption but included the effects
of contact surfaces along the roof, floor, and rib. The percent of original volume results are
shown in Figure 2, as Small Deformation/ Contact. The rate of room closure is slowed
somewhat by the propping action of the rib but the overall effect of the contact surface is
small. The deformed shape at the final analysis time is shown in Figure 4.
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Figure 3. Final Deformed Shape of the Disposal Room for the
Case of Small Deformation Analysis With No Contact Surfaces

Our analyses will now include the effects of large deformation. Large deformation will
account for increases in pillar width and other geometry changes to compute the actual
stress state experienced by the salt. The fmt calculation does not include the use of contact
surfaces. The room volume calculation, labeled Large Deformation/No Contact in Figure
2, shows a large reduction in room closure rate in comparison to the small defomnation
cases. There is almost a factor of two difference between the Small Deformation/No
Contact and Large Deformation/No Contact analyses. This difference is much greater than
the effect of including contact surfaces for the small deformation analyses. It must be
remembered, however, that the results of the Large Deformation/No Contact analysis are
invalid after overlap has occurred. The final deformed shape is shown in Figure 5. The last
analysis is the large deformation analysis with contact surfaces included. ‘he results,
shown in Figuxe 2 as Large Defomnation/ContacL are very similar to those obtained in [3].
The rate of room closure is slowed even further when large deformation effects and room
propping occur. The final room configuration is shown in Figure 6. Note the difference in
deformed shape occurring near the comers when compared to the small deformation
analysis with contact surfaces.

A final observation about the results shown in Figure 2 is that the differences between small
deformation and large deformation are seen to occur at early times. Diffenmces in the
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curves can be observed at times less than 10 years. The effects of the contact surfaces can
be observed as branching along the two curves associated with small and large deformation
solutions. The contact surfaces do not appear to be a factor until approximately 25 years for
the small deformation analyses and 40 years for the large deformation analyses.
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Figure 4. Final Deformed Shape of the Disposal Room for the Case

of Small Deformations With Contact Surfaces.

Summ=v

Computational analyses of a disposal room in an all salt stratigraphy have been performed
to determine the cause of the significant differences in room closure calculations reported
in [2-3]. The analyses investigated the effects of large deformation kinematics and the use
of contact surfaces for the roof, floor, and rib of the disposal room model. The results show
that the largest difference between the calculations reported was due to the ability or
inability by the ftite element codes to model large deformation behavior. The effect of
including contact surfaces was irnpoxtant but not to the same extent as the large deformation
assumption. It is important to mention here again that the results for the analyses which
did not include contact surfaces are not valid after the surfaces of the room have
overlapped. Therefore, caution should be exercised with regard to reporting these results.
Differences between the small and large deformation solutions were shown to occur within
the fflst ten years of the analyses.
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Figure 5. Final Deformed S;ape of the Disposal Room for the Case
of Large Deformation With No Contact Surfaces.
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Figure 6. Final Deformed Shape of the Disposal Room for the Case
of Large Deformation With Contact Surfaces.
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1 Introduction

The transuranic waste that will eventually be stored at the WIPP site has a very high void
content. Based on the results of a sampling program [1], it is estimated that approximately
70% of the volume inside of a typical waste container will be void. Under the present plan,
these waste containers will be placed in the storage rooms in their present state (i.e., without
additional compaction). Crushed salt will be used to fill the empty space between containers
and between the container stacks and the walls of the rooms. Closure of the rooms due
to creep in the surrounding salt formation will gradually consolidate the waste and backfill
into a dense state, impeding the diflusion of waste and flow of fluids. Because of the large
void volume in both the waste stack and the crushed salt, the hydraulic conductivity of the

storage rooms will be much greater than that of the salt formation. Since the void decreases
as the rooms close, the hydraulic conductivity of the rooms will also decrease with time. A
storage room has been analyzed using the finite element code SAN CHO to provide estimates
of the void volume in the room as a function of time. Such information will eventually be
used to estimate the permeability of the room contents. These permeability estimates will,
in turn, be used to evaluate the consequences of hypothetical scenarios where the repository
is breached.

I Previous estimates of the void volume in storage rooms have primarily been derived from
the results of an empty room analysis reported in [2]. These estimates were based on the
assumption that the stresses that develop inside of the room will be sufficiently small so that

they will have little effect on the closure of the room until the consolidation of the waste
and backfill is nearly complete. Results from the analysis of a storage room filled with wet

) crushed saJt [3] supported this assumption.

The purpose of the present investigation was to determine the amount and distribution of
void volume in a storage room containing both waste and backfill. In the room that was
analyzed, 70% of the volume in the waste stack was void while 35% of the volume in the

) backfill region was void. These void fractions are typical of what is anticipated in the waste
and backfill that will eventually be emplaced at the WIPP site. These initial void fractions

are much higher than those considered in a previous analysis of a storage room filled with
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waste and backfill [4], and a considerable amount of development work was required before

this problem could be properly analyzed.

‘Che results of the present modd show that the total void volume in the waste-filkd room is
expected to decrease to 5% of the total room volume 90 years alter the waste is emplaced.
The analysis also shows that the crushed salt backfill consolidates much faster than the
waste. Because these results are based on mechanical properties derived from a very limited
number of experiments, they should be regarded as tentative. As more experimental results
become available for the crushed salt and waste, the room will be reanalyzed using updated
mechanical properties.

2 Overview of Analytical Approach

Early efforts toobtain a solution to the room closure problem with waste and backfill were

unsuccessful. After an extensive study, it was determined that several factors were respon-

sible for the difficulties. These factors were:

1. The material inside the storage room is initially very soft compared to the intact salt
in the surrounding formation.

2. The crushed salt rapidly stiffens as it consolidates.

3. The elastic/plastic model used to represent the deviatoric response of the crushed salt
gives unrealistically high stresses in the backiill.

4. The use of slide lines between the crushed salt and the intact salt makes it difficult for
the dynamic relaxation algorithm to converge to the equilibrium state.

To circumvent these problems, the following measures were taken:

1. A new errormeasurewas developedand implemented to better evaluate when the ana-
lytical solution is sufficiently close to equilibrium (i.e., when the nodal forces balance).

2. The fictitious mass matrix defined for the dynamic relaxation algorithm was updated
after each iteration based on the effective stiffness of the material (this updating waz
made for the crushed salt only).

3. The plasticity model used to describe the deviatoric behavior of the crashed saltwas
FG#amd with an elastic-secondary creep model.

4. All slide lines were eliminated from the mesh.

The discussion which follows describes in more detail the problems encountered in the anal-
ysis of room closure and the actions that were taken to circumvent the problems.
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The large difference between the initial stiffness of the room contents and the stiffness of the
intact salt made it difficult to determine when an “acceptable” solution had been obtained to
the force equilibrium equations at the nodes. In SANCHO, iterations are made within each
time step until the nodal forces resulting from the stress within the elements approximately
balance the externally applied forces at each node. To determine when this condition is
satisfied, an ‘error measure” is computed at the end of each iteration and compared against
a specified tolerance. The error measure used in SANCHO and in many other finite element
codes gives a single value based on the sum of the magnitudes of the force imbalance at
all nodes in the mesh. This is referred to as a global error measure. For the room closure
problem, the force imbalances in the waste and backfill regions have very little effect on the
global error measure because the materials are initially very soft and occupy only a small
part of the total mesh. As a result, when an error tolerance of 0.5% is used (this is the default
value in SANCHO), the iterative process is terminated before a good solution is obtained in
the waste and backfill. Unfortunately, when ● much tightertolerance is used with the global
error meaaure, the convergence requirementistooctringentfor the fbrm residuals ●t nodes
located in the intact salt region, and the program continues with equilibrium iterations long
after a good stress solution has been obtained throughout the model. Because of this, the
global error measure does not provide an acceptable basis for determining convergence in
this particular problem.

To circumvent this problem, a new error measure was defined for the force imbalances. This

new error measure is evaluated at each node in the mesh and, as a result, is referred to as a
local error measure. The local error measure compares the magnitude of the force imbalances
at each node to the magnitudes of the internal and external forces acting on the node. The
solution is accepted when the value of the local error measure at all of the nodes is smaller
than a specified tolerance. A more detailed description of both the local and global error
measures is given in Appendix A.

The second unusual feature of the room closure problem is that the stiffness of the crushed
salt increases as it consolidates. This haa an adverse effect on the dynamic rehmation tdgo-
rithm that is used in SANCHO. In the method of dynamic relaxation, the static solution is

obtained by finding the steady-state solution to a damped dynamics problem. In the room
closure problem, the cn”tical time step size for the crushed salt elements decreases as the
stiffness of the crushed salt increases. b the shadud verdon of SANCHO, the time step
size is not modified to account for changesin the stifbss of the material, and, as ● result, the
dynamic relaxation algorithm becomes unstable and does not converge to the equilibrium
solution. To fix this problem, the masses associated with nodes in the crushed salt region
were modified after each iteration based on the efiectiue stiffness of the crushed salt. ‘l’he
effective stiffness was computed from the stress and strain increments.

At the present time, consolidation tests on the crushed salt have been limited tohydrostatic
loading only. Information is not yet available on the deviatoric stress-strain behavior of the
backfill material. In previous analyses [3,4], an ad hoc plasticity model was used to compute
the deviatoric stresses in the crushed salt. men this comtitutive model was used in the
present analysis of a room containing waste mnd backfill, the stresses in the backfill became
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anreahsticaliy high. To avoid this problem, the deviatoric plasticity model was replaced
wit h an elastic-secondary creep model. This model is described in Appendix B. Other minor
changes were made to the crushed salt model to account for finite volume strains. These
changes are also described in Appendix B.

3 Finite Element Results

A series of three finite element analyses were conducted for a TRU storage room. The first
analysis was made on an empty room, the second analysis was made on a room filled with
crushed salt, and the third analysis was made on aroom filled with a combination of crushed
salt and waste.

The same finite element mesh was used to model the surrounding salt formation in all three
cases. Figure 1 shows the dimensions of the mesh and the boundary conditions that were

assumed in the models. The room has a height of 4 meters and a width of 10 meters.
A symmetry boundary condition is specified along the right edge of the mesh to simulate
conditions that would exist around a typical room located near the middle of a periodic array
of rooms spaced at 40.5 meters on centers in the horizontal direction. This mesh differs from
ones used in previous analyses in that:

1. The deformation is assumed to be symmetric about a horizontal plane that passes
through the center of the rib.

2. The distance from the center of the room to the upper edge of the mesh is approximately
half ofthedietancc need in previouo analyses.

3. The corners of the room are assumed to be round (0.23 m radius) instead of square.

The first two modeling assumptions in this list were made to reduce the CPU time and

actual clock time of conducting the analyses during the development phase of this project.

Future computations will be made with a larger mesh. The rounded corners match those in
the actual rooms at the WIPP site.

An elastic-secondary creep constitutive model was used to represent the stress-strain behavior
of the intact salt. Following [2], the reference elastic constants were divided by 12.5, and the
strati graphy was assumed to be composed completely of salt. These approximations have
been shown to produce room closure histories which match those in empty rooms at the
WIPP site.

!).1 Analysis of an Empty Room

An empty room was analyzed to evaluate the performance of the new error measure and to
evaluate the performance of the mesh shown in Figure 1. These evaluations were made by
comparing the room closure results to those obtained from a previous analysis [2] made with
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the mesh shown in Figure 2. In the following discussion, the model shown in Figure 2 will
be referred to as Model 1, and the model shown in Figure 1 will be referred to as Model 2.

Figures 3 and 4 show how the room closed as a function of time in the Model 2 analysis.
After approximately 25 years, the rib began to penetrate the roof and floor. Slide lines
were not used in this calculation so the results obtained from the Model 2 analysis are not
meaningful aft er 25 years of closure.

In Figures 5 through 7, the Model 2 results for the vertical closure, the horizontal closure,
and the VOIume change in the room are compared against the corresponding values calculated
with Model 1. These comparisons show that Model 2 closes somewhat faster than Model 1.

After 25 years of closure, the change in room volume in Model 2 is 12% more than the
change in room volume obtained from Model 1. The more rapid closure is most likely due

to the shorter distance between the center of the room and the upper boundary of the mesh
in Model 2 as compared to Model 1. Again, this distance was made shorter to reduce the
computation time.

S.2 Analysis of a Room Filled With Crushed Salt

The closure of a room filled with crushed salt was analyzed using the mesh shown in Figure 8.
This model will be referred to as Model 3. The crushed salt was given an initial density

of 1400 kg/n13 which corresponds to a void fraction of approximately 3570. The material
constants used with the crushed salt model are listed in Table 2.

The closure of the room at the midheight of the rib and the room closure at the center of
the roof and floor are plotted in Figures 9 and 10 as functions of time. These figures also
show the pressure at the center of the room and the corresponding closures obtained from
the Model 2 analysis of the empty room. Initially the results from Model 3 closely track the
empty room results; however, the closure of the backfilled rmm slows significantly before
the pressure at the center of the room reaches 1 MPa. The ratio of the horizontal closure to
the vertical closure for Model 3 is shown in Figure 11.

The void fraction in any element or region inside the room can be computed from the
relationship:

~ V,ojd V&.d+ AV
u—

Y=v
(1)

where v is the void fraction in the element or region, V.eid is the void volume in the element
or region, V is the current volume of the element or region, AV is the difference between the
current volume and the initial volume inside the element or region, and VvO~dis the initial
void volume inside the element or region. Figure 12 shows how the total void fraction in
the room changes as a function of time. The estimated void fraction based on the empty
room analysis (Model 2) is also shown in this figure. In the Model 3 analysis, the void in the
backfill decreases to 5% of the total room volume approximately 30 years after emplacement
@fthe backfill. Basedon the empty room calculation, the void fraction in the room decreases
to 5% after 20 years.
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Figure 13 shows the distribution of void in the backfill 5 years, 10 years, 25 years, and
50 years after emplacement of the backfill. These results show that the backfill consolidated
most rapidly near the cornersof the room. This is in contrast to the results obtainedin [3]
where the corners were observed to be the sites with the greatest void fraction.she source
ti this discrepancy is the difference in the ausumed behavior at the interfke between the
crashed salt and the walls of the room. In the current model, the crushed salt was rigidly
attached to the boundaries of the room, while h (3] the backiill was allowed to slide freely
relative to the walls.

The real consolidation rate in the comers probably lies somewhere between the results ob-
tained with frictionless sliding interfaces at the walls and the results obtained with interfaces
that are rigidly tied together. In reality, the crushed salt granules at the boundary of the

room probably bond to the intact salt as readily as they bond to other granules of crushed
salt. It is possiMe that, near the walls, high shearing strains will develop in a very thin
band of crushed salt. Slide lines can be used at the boundary of the room to model the
su(iden displacement change across this thin layer of backfill. The use of a slidlng interface
would be unnecessary if the shear behavior of the crushed salt were well characterized and
if an extremely fine mesh were used near the boundaries of the room. Unfortunately, the
mesh used in this analysis is too coarse to capture the shear band phenomenon if does exist.
At the present time, solutions cannot be obtained with sliding interfaces when the initial
backfill density is as low as 1400 kg/m3. Hence, the results from the Model 3 analysis may
overestimate the consolidation rate in the comers of the room.

Figures 14 and 15 contain contour plots of the vertical and horizontal stresses in the backfill
at four di flerent times. The highest stresses are found in the corners of the room. Away
from the corners, the stresses are reasonably uniform.

3.9 Analysis of a Room Filled With Waste and Backfill

A room containing a combination of crushed salt and waste was analyzed after it was verified
that the two previous closure problems could be solved with the updated version of SANCHO.
The finite element mesh used to model this problem is shown in Figure 16. As in the
two previous analyses, the geometry and loading were assumed to be symmetric about a

horizontal plane that cut through the midheight of the rib. As a consequence, the waste in
the finite element model was located at the center of the room and was surrounded on all
sides by a layer of crushed salt. In the actual configuration, the waste will rest directly on the
floor of the room and will be in contact with the backfill on three sides only. The distance
between the waste stack and the rib is the same in the finite element model and in the actual
configuration. To make the total volume of crushed salt the same as that called for in the
actual configuration, the distance in the finite element model between the top of the waste
stack and the roof of the room was made half as large as that in the actual configuration.
In future analyses the lower half of the room will be modeled instead of assuming vertical
symmetry at the rib midheight.

The backfill material and the intact salt were modeled with the same constitutive models and
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with the same material constants used in the Model 3 analysis. The volumetric plasticity
model described in the SANCHO Users Manual [s] was used to model the waste. The curve
defining the relationship between the pressure and the volumetric strain for the waste is
plotted in Figure 17. This curve was derived from the results of crush tests conducted on
six-pack arrangements of empty drums that were surrounded by crushed salt and compressed
perpendicular to the axis of the drum (see Figures 18 and 20 in [6]). Axial crushing tests
conducted on empty drums show that once an empty drum begins to collapse it continues
to collapse with very little increase in the applied load (see Figure 3 in [6]). In the absence
of other information, it was assumed that drums filled with waste would collapse like empty
drums until all of the void (= 70%) was eliminated from the drum.

In Figure 18, the horizontal closure at the rib midheight is plotted as a function of time.
Figure 19 contains a similar plot of the vertical closure between the roof and floor at the
vertical centerline of the room. After 25 yeara of closure, the honzontd and vertical closures

fix the room filled with waste and backfill were roughly 20% less than similarclosures
amputed in the Model 2 empty room analysis. The ratio of horizontal closure to vertical
closure is plotted in Figure 20. Although the vertical closure after 200 years is only 6~o larger
than the horizontal closure, the final vertical closure represents 60% of the initial height of
the room while the horizontal closure accounts for only 2370 of the initial width of the room.

In these calculations, the initial void fraction of the crushed salt was assumed to be 34.6%

and the initial void fraction of the waste was assumed to be 71.3Y0. The volume strain EVat

the point where the pressure-volumetric strain curvebeginstostiffenwas chosen so that

E. = log(l – Uo) (2)

where V“ is the initial void fraction of the wade. The void fraction in the waste, the void
fraction in the backfill, and the void fraction in the room as a whole are plotted in Figure 21
as functions of time. The void volume in the backfill decreased to 5% of the total volume
in the backfill region after approximately 40 years of closure, while 100 years of closure are
required before the void volume in the waste was reduced to 5% of the total volume of the

waste region.

In Figure 22, the void fraction computed in the Model 4 analysis is compared against the
void inferred from the empty storage room calculations (Models 1 and 2). Based on the
rate of closure from the Model 1 analysis, the void fraction in the room would be reduced
to less than l% after 60 years if the backstress did not slow the rate of room closure. The
results obtained from the Model 4 analysis suggest that closure is slowed considerably by the
presence of the room contents. With the backstress acting on the walls, 130 years of closure
were required before the void fraction in the room was reduced to less thau l~o.

The contour plots in Figures 23 and 24 show how the void volume is distributed in the
waste and backfill regions at four different points in time. In both regions, the void fraction

is lowest in the corners. As mentioned previously, this result appears to be sensitive to
the method used to model the interfaces between the various regions (i.e., whether the two
materials at an interface are connected rigidly or are connected with sliding interfaces). At
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this time it is not possible to establish whether the void volume will be higher or lower in
the corners of waste and backfill regions,

Contour plots of the vertical and horizontal stresses in the waste and backfill are shown in

Figures 25 through 28. These figures show that the stresses initially rise much faster in the
crushed salt region than in the waste region. Furthermore, the stress state in the backfill
is not hydrostatic while the crushed salt is consolidating. This is further confirmed by the
plots in Figures 29 through 31 which show the vertical, horizontal, and out-of-plane stress
as a function of time at three locations in the waste and backfill. Since the constitutive
model for the crushed salt was derived from consolidation tests that were conducted under
hydrostatic loading conditions, the accuracy of the constitutive model is unknown for the
type of loading observed in the storage room.

4 Conclusion

An approach has been developed to analyze the closure of rooms Wed with waste and crushed
salt which contain a large amount of void volume. Two of the key features in this approach
are:

1. a new error measure was used to determine when equi~brium was satisfied in the finite
element model (see Appendix A), and

2. the mass matrix defined for the dynamic relaxation algorithm was updated after each

iteration based on the effective stiffness of the crushed salt.

Three different rooms were analyzed using the new approach. The cases included an analysis
of an empty storage room, an analysis of a storage room filled with crushed salt, and an
anal ysis of a storage room filled with a combination of waste and crushed salt. These analyses
indicate that the consolidation of the material in a storage room can be significantly slowed
by the backstress exerted on the walls of the room by the room contents. In the analysis of
the storage room filled with waste and backfill, 135 years of closure were required before the

void in the room was completely eliminated. By comparison, approximately 60 years would

be required to reach complete compaction if the backstress were not present (see Figure 22).

In contrast to the results found in previous analyses [3,4], the present set of analyses indicate
that the backfill consolidates faster in the corners of the room than at other locations. The
rate of compaction in the corners of the room appear to depend on the assumed behavior
at the interface (sliding interfaces as compared to fixed interfaces). At the present time it is
not possilde to determine if the backiill does in fact consolidate faster at these locations.

When the waste stack is present, the deviatoric component of stress in the backfill is large
while the crushed salt is consolidating. In the past, consolidation tests of the crushed salt
have only been conducted under hydrostatic loading conditions. The results from the present
investigation emphasize the need for conducting consolidation experiments on crushed salt
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under loading conditions where the principal stresses are unequal.

As a final note, it should be stressed that the results of the present investigation are based

on a very limited amount of experimental data with regard to the properties of the waste

and crushed salt. Tests that are presently underway will provide new information concerning

the properties of these materials. Future analyses based on updated properties of the room
contents could yield results that are different from those reported here.
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A Error Measures for Force Equilibrium in Finite Element Prob-
lems

When an iterative method is used to solve a system of equations, some criterion must be

used to determine when the estimated solution is sufficiently close to the actual solution. In
a finite element problem, the system of equations that must be solved can be written as:

R= F=t– F1.t=O (3)

where R is referred to tta the ‘residual” force vector, Fext is the ‘external” force vector

which is composed of the nodal forces from surface tractions and body forces, and Fi~t is
the “internal” force vector which is composed of the nodal forces that arise from stresses
inside the elements. The length of the residual force vector is equal to the number of
degrees of freedom in the problem. For example, in a two-dimensional problem, the length
of the residual force vector will be equal to twice the number of nodes less the number of
constrained degrees of freedom. The ith entry in the internal force vector is computed
the summation of the forces from each element containing the ith degree-of-freedom.

internal force vector can be expressed as:

N

j=l

from
The

(4)

where N is the number of degrees of freedom, and ~~ is the force on degree-of-freedom i due
to the stresses in element j.

One method used to measure the relative size of the error in the approximate solution of
Equation 3 is to compare the magnitude of the residual force vector to the magnitude of the

external force vector, namely:

-_ (x:* R;)’”

‘- (z:,(~~xt)’)’”

(5)

When z is less than a specified tolerance (a typical tolerance is 0.5%), the system of equations
in Equation 3 is assumed to be satisfied, the iterative procedure is terminated, and the next
time step is initiated.

Unfortunately, the external and internal nodal forces have almost no physical meaning in the
structural problem, but instead are artifacts of the finite element method. The magnitude of
the internal force acting at a node is a function of the size of the elements that are connected
to the node as well as the stresses existing in adjoining elements. The magnitude of the
external force acting at a node is also a function of element size. For axisymmetric problems,
both the internal and external forces at a node are functions of the radial coordinate of the
node.
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Since the primary variables of interest are the stresses and displacements in the structure,
a good convergence criterion should be satisfied if and only if further reductions in the
residual forces will produce only slight changes in the stresses and displacements throughout
the mesh. Unfortunately, what is an “acceptable” force residual in one portion of the mesh

may be unacceptable at another location in the mesh. For example, further reduction of a
set of force residuals acting in a region of the mesh where the elements are large and stiff
may produce virtually no change in the element stresses in this region. If, however, the same
set of force residuals were present at a different location where the element sizes were much
smaller and the material was much more flexible, further reduction of the residuals could
produce a large change in the element stresses.

The error measure ~ given in Equation s suffers from three major deficiencies. First, all
force residuals are weighted equally regardless of the element size or radial location. Second,
because this error measure is baaed on the magnitude of a vector that contains all of the
residual forces, it is possible that the value of the error measure can be very small even
when the residuals are large in a small portion of the mesh. Third, the error measure
defined in Equation 5 compares the residual forces to the externally applied forces. This is a
disadvantage in thermal stress or initial stress problems where no external loads are applied
to the structure.

ln the WIPP room closure problems, the uncompacted waste and backfill initially have very
low stresses compared to the large lithostatic stresses in the surrounding salt formation.

In addition, the room contents account for only a small fraction of the total area that is
modeled. The error measure @is really not suitable for this type of problem. When the
tolerance for z was set to 0.5% in the room closure analyses, the equilibrium iterations were
often terminated before a good solution was achieved in the room. When the tolerance for
~ was reduced, the number of iterations required to satisfy the tolerance became too large.

To circumvent these problems, a new error measure, 6, was defined. The new error measure
is defined as

i= m~(~~)j i = l,N (6)
i

where N is the number of degrees of freedom, and ~~is defined as

(7)

In Equation 7, F“,, is the external force acting on degree-of-freedom i, ~~ is the force acting on
degree-of-freedom t due to the stresses in element j, f14iis the number of elements containing
degree-of-freedom i, and Izl denotes the absolute value of z. Equation 6 states that &is
equal to the largest value of ~~existing at any degree-of-freedom.

To ensure that the denominator in Equation 7 is never zero and to prevent elements with
negligible stresses from controlling the problem, a minimum value is established for l~j 1. This
minimum is established in the following way.First, the nodal forces are computed for the
element based on the element stresses. These forces will be denoted by ~~. Next, a second
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set of nodal forces are computed for the element assuming that a small hydrostatic pressure
of p~n exists inside the element. These forces will be referred to as ~j. The pressure ptin is
defined so that it is smaller than the smallest pressure of interest in the problem (i.~.~ p~n
essentially defines zero stress). ‘l’he value of ~~ used in Equation 7 is the larger of 1~~I and

l~fl. In the room closure problems, a tolerance of 10% was used for& and P* was set equal
to 2 x 10-4 MPa.

The advantages of using ? as an error measure in place of z are:

1. In ?, the magnitude of the force imbalance (residual) at each degree-of-freedom is
compared to the magnitude of the forces acting on that degree-of-freedom whereas all
residuals are given equal weighting in Z.

2. The error measure &is based on the most severe residual force in the mesh. Thus,
when the errortolerancefor2 issatisfied,ith known thattheresidualforcesatevery

locationin themesh satisfya known sizerestriction.The errormeasure z isequally

sensitivetoboththecasewhere smallforceresidualsareevenlydistributedthroughout

a /argeregioninthemesh and a casewhere large force residuals are concentrated in a
small region of the mesh.

3. The error measure i! has meaning in problems where there are no external forces (eg.,
thermal stress problems) while z is undefined for such problems.
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B.1 Volumetric Response

A few minor adjustments were made to the volumetric creep model described in [3] to
account for a finite change in the volumetric strain within a time step. These adjustments
were related to the assumed relationship between the density at the beginning of the time
step po, the density at the end of the time step p‘+A*, and the change in volumetric strain

during the time step Aev. In [3], this relationship was assumed to be:

P
t+At= po/(1– Ae.) (8)

Equation8 holdsforsmallincrementsin thevolumetricstrain;however,ifthevolumetric

strainincrementislarge,then theexactrelationshipshouldbe used. From thecontinuity

equation,thevolumetricstrainrate& isrelatedtothedensitythrough:

(9)

which, when integrated over a time step yields:

P
t+At = POexp(Aeo) (lo)

When Equation 10 is substituted in Equation 3.3.7 of [3], the result can be rearranged into
the form of Equation 3.3.12 of [3]. The expressions for the constants K, ~, and ~ remain
the same; however, the expression for a is slightly different. The new expression for a is
given by:

a = (K,po + Ap, – l)tv (11)

One other modification was made to the volumetric creep model to handle the case where

the crushed salt reaches the fully compacted state in the middle of a time step. In this case,
volumetric creep occurs during the first part of the time step At-, while the volumetric
response is elastic during the latter part of the time step. The increment in the pressure,
Ap, is calculated horn the relationship:

Ap = Ap_ + ~bt~t &u(At – At-,p) (12)

where Kimt.Ctis the density of the intact salt, At creep is the part of the time step over which
VOIumetric creep occurs, and Ap-eP is the increment in pressure that is calculated from the

volumetric creep equations over the time increment Atc=P. The length of time over which

the volumetric creep equations hold can be calculated from:
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(13)

If At~P as computed in Equation 13 is larger than At, then volumetric creep occurs over
the entire time step.

B.2 Deviatoric Model

In the analyses described in [3,4], an elastic-plastic model was used to represent the deviatoric
response of the crushed salt. This model is described in Section 3.4.2 of [3]. When this
model was constructed, no information was available for determining the yield stress since
all experimental data had been obtained from tests where the loading was hydrostatic. As
a result, the yield stress was computed to obtain the stiffest possible deviatoric response.

The following method was used to compute the yield stress in [3,4] for plane strain analyses.
First, Hooke’s law was used to compute trial stresses from the strain increments. If the
out-of-plane stress was found to be compressive, the trial stresses were accepted as the final
stresses. If the out-of-plane stress was found to be tensile, a yield stress was computed so
that the out-of-plane stress was zero. The radial return method was used to return the trial
stresses to the yield surface.

When the above method was used in analyzing room closure for a storage room containing
both waste and backfill, the deviatoric stresses in the crushed salt became unrealistically
high as compared to the deviatoric stresses in the intact salt. It was decided at this point to
use the elastic-creeping model described in Section 3.4.3 of [3]. The stresses in this model
are found by integrating the following equation:

(14)

where aij is the deviatoric stress, GP is the shear modulus of the crushed salt, t~j is the
deviatoric strain rate, T is the temperature, and A, Q, R, and N are the material constants
for the intact salt.

Equation 14 is integrated with the same semi-analytical method used to integrate the sec-

ondary creep model for the intact salt. Both the shear modulus and the density change
during the time step; however, constant values must be used for GP and pin order to apply
the semi-analytical integration scheme. To satisfy this restriction, the average value of p dur-
ing the time step and the value of GP corresponding to the average value of p are computed
and then used in the integration algorithm.

After the deviatoric stresses are computed from the elastic-creeping model they are combined
with the mean stress to form the trial stresses. The trial stresses are accepted as the final
stresses if:
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1. The mean stress is tensile, or

2. The out-of-plane trial stress is compressive, or

3. The mean stress is compressive and the out-of-plane trial stress is tensile but is less
than 10~o of the absolute value of the mean stress.

If these conditions are not met, then the deviatoric stresses are scaled back so that the
out-of-plane stress is equal to 10~o of the absolute wdue of the mean stress.
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Table 1. Material Constants Used With the Elaatic/Secondary Creep Model for the Intact
salt.

VPARAMETER VALUE [

c 1.242 x 109 Pa

K 1.656 x 10e pa

A 5.79 x 10-38 Pa-40e/(see.)
4.9

Q/;T 20.13

A-158

Table 2. Material Constants Used With the Crushed Salt Backfill Model.

I PARAMETER ] VALUE nu

Go 864. Pa

GI 6.53x 10-3 m3/kg
KO 1.41 x 103 Pa

K1 6.53 x 10-3 m3/kg

AC 5.79 x 10-3e Pa-’”e/(sec.)

4.9

Q/%T 20.13

A –17.3 x 10-3 m3/kg

BO 1.3 x 108 kg/(m3 see)
B1 .82 x 10-6 Pa-l

G= GOexp(Glp)
K = KO exp(Klp)

~ij = 2G [&:j - A(pintsct/p)N =p(Q/RT)(ww)( Iw28ij]

PcreeP= &[=p(&p) – 1] =p(Ap)
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Talde3. Pressur*Volumetric Strtin Data Used inthe Volumetric Plmticity Model for the
Waste Drums.

=

0.16 7.2 x 10-4

0.21 1.04

0.307 1.11

0.993 1.21

2.89 1.25

14.0 1.30

Table 4. Other Material Constants Used With the Volumetric Plasticity Model for the

Drums.

~ PARAMETER I VALUE II

P 333 MPa.

KO 222 MPa.

* o

al o

al 3

p, KO = elastic shear and bulk mod-
ulus, respectively

*~alJa2 = constants for yield function
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Figure 1. Finite Element Mesh Used to Analyze Empty Room (Model 2).
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Figure 6. Comparison of Model 1 and Model 2 Results for Horizontal Closure in an
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Figure 8. Finite Element Mesh Used to Analyze a Storage Room Filled With Crushed
Salt (Model 3).
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1 Introduction

Gases will be generated as a by-product of the corrosion and decomposition of CH-TRU
wade and waste containers that will be stored at the WIPP site. Microbial degradation
of the waste will produce carbon dioxide as well as potentially significant quantities of
nitrogen, hydrogen sulfide and methane. Anoxic corrosion of iron and iron-baaed alloys
in the waste will produce hydrogen gas. The WIPP project is presently investigating
how the generation of gas will affect the performance of the waste repository.

At the present time, it is believed that the salt formation will be essentially impermeable
to the gases that are produced. As a result, gas generation will lead to a slow build-
up of pressure inside of the disposal rooms. One concern is that pressures inside the
rooms could become large enough to produce fractures that propagate outward from the
repository. H such fractures form, they could provide an escape path for the radionuclides
stored in the repository.

To investigate this problem, a typical storage room filled with waste and backfill was
analyzed with a two-dimensional finite element model. The results of this analysis show
that, while current estimates of the gas generation rate give rise to room pressures that
exceed the lithostatic stress level at the repository horizon, the principal stresses at all
locations in the salt formation will remain compressive. Such a condition implies that
fracture of the salt is unlikely. These results should be viewed with caution, however,
since the effects of clay seams and preexisting fractures in the salt have not yet been
considered.

Following completion of the two-dimensional storage room analysis, a one-dimensional
problem of a pressurized borehole was analyzed. The purpose of this study was to
investigate how the rate of pressurization affects the stress state in the creeping salt.
Four different pressurization rates were considered. The analyses suggest that if the
pressurization rate is sufficiently slow, tensile stresses will not develop in the salt, even
when the borehole pressure is three times as large as the lithostatic pressure.
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Z Storage Room Analysis With Gas Generation

2.1 The Finite Element Model

Figure 1 shows the finite element mesh that was used in the plane strain analysis. The

waste, crushed-salt backfill, and intact salt were all included in the model. The boundary
conditions that were applied in the analysis approximate the conditions that exist around
a deeply buried storage room located near the middle of a long string of equally spaced
storage rooms. Both the left and right edges of the mesh were fixed against horizontal
motion. The lower edge of the mesh was fixed against vertical motion. A pressure
of 15 MPa was applied along the upper boundary of the mesh. The stratigraphy was
assumed to be all-salt (i.e. , clays seams and anhydrite beds were not included in the
model). The intact salt was given an initial stress field of a= = UV= a, = 15 MPa, where
a=, UV, and cr. are the stresses in the horizontal, vertical, and out-of-plane directions.
This corresponds to the stress state that is believed to exist at the repository horizon
before excavation.

The elastic-secondary creep constitutive model described in Reference 1 was used for the
intact salt. The shear and bulk moduli of the intact salt were given values equal to the
values listed in Reference 1 divided by a factor of 12.5; while the creep constants were
given values equal to those listed in Reference 1. This set of constants has been found
to produce good agreement between the measured closure rates of empty storage rooms

and the closure rates calculated in finite element analyses [2]. The material models and

properties used for the waste and backfill were identical to those used in Refesence3.

2.2 Gas Generation Rates and Calculation of Gas Pressure

Gas generation rates assumed in the structural analysis were taken from information
presented in Reference 3. Each storage room was assumed to contain 6804 drums. During

the first 500 years both microbial decomposition and anoxic corrosion contribute to gas

production. The gas generation rate during this period was assumed to be constant
and equal to 2.66 g-moles/drum/ yr. After the first 500 years, the gas production due
to corrosion was assumed to stop. During the time period between 500 yr and 700 yr,
gas generationdue to microbialdecompositionwas assumed to continueat a rateof

0.86g-moles/drum/yr.Gas productionwas assumed to ceasecompletely700 yr after

excavation.

The finite element code SANCHO was modified to compute the room pressure and to
apply the resulting nodal forces to nodes on the room boundary. The gas pressure was
computed from the ideal gas law based on the current “void” volume in the room (i e.,
the volume not occupied by solids) and the total amount of gas in the room. Specifically,
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the gas pressure ps was computed from the relationship:

NRT
PO= V–vs

(1)

N = mass of gas in g-moles

R = 8.23 (m3 Pa)/(g-mole K)

T = 300 K

v= current volume of the storage room in m3

Tfj = volume of solids in the storage room = 1330 m3

Table 1 shows how the volume of solids VS was determined. After each iteration in the
analysis, the current room volume V was calculated based on the locations of the nodes
on the boundary of the storage room. Next, the gas pressure was calculated according to
Equation 1. Finally, the resulting nodal forces were computed and added to the external
force vector.

2.3 Results

The storage room problem was analyzed for the first 3,oOOyr following excavation. It. was
assumed in the analysis that the room was filled and sealed immediately after excavation.

l’he problem was defined so that the elastic closure of the room at the time of excavation

did not produce stresses in the waste or backfti. Time was advanced in increments of

0.025 years.

Figure 2 shows how the room pressure increased with time. A peak room pressure of
20.8 MPa was reached at 700 years. Gas generation ceased after 7(JOyears, and the
pressure decreased as the room continued to expand. The pressure in the room will
decay to the Iithostatic pressure (15 MPa) in the limit as time goes to infinity.

The void volume in the room is plotted as a function of time in Figure 3 and as a function
of pressure in Figure 4. These figures show that the void volume decreased to a minimum
of 973 m3 after 200 years and then began to increase when the room pressure reached
9.2 MPa. In the long-term, the void volume will approach 1675 m3as the room pressure
decays to 15 MPa. (This can be calculated directly from the ideal gas law.)

Figure 5 and Figure 6 show the maximum principal stress and minimum principal stress
in the intact salt 700 years after excavation when the room pressure reached its maximum
value. These two figures clearly show that all stresses remained compressive even though
the room pressure was larger than the lithostatic pressure at the depth of the repository.
Although this result may seem to contradict the results obtained from hydro-frac exper-
iments described in Reference 5, one must keep in mind that the hydro-frac experiments
were conducted at pressurization rates that were many orders of magnitude larger than
those encountered in the gas generation problem analyzed here.
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3 Analysis of a Pressurized

November 14, 1989

Borehole

The one-dimensional problem of an internally-pressurized borehole in rock salt was an-
alyzed to qualitatively determine how the rate of pressurization would affect the stress
field near a storage room. Figure 7 shows the geometry and boundary conditions for the
problem. The inner radius of the hole was selected so that the cross-sectional area of the

hole was equal to the cross-sectional area of the storage room considered in the previous
section. All elements were given an initial stress state of u, = CO= Cz = 15 MPa. A
pressure of 15 MPa was applied at the outer radius. The pressure at the inner radius was
held at zero for the first 10 years of the analysis and was then increased at a constant
rate to a final pressure of 45 MPa. Four different pressurization rates were considered:
10 MPa/yr, 20 MPa/yr, 40 MPa/yr, and 80 MPa/yr.

The finite element code SANTOS was used for the borehole calculations. The material
model and material constants for the salt were the same as those used in the storage room
calculation described in the previous section. Figure 8 shows how the hoop stress at the
edge of the borehole changed as a function of time for each of the four pressurization
rates. In all four cases, the hoop stress next to the hole initially increased to a peak value,
and then began to decrease (become more compressive) with increasing borehole pressure.
For the two lowest pressurization rates (10 MPa/yr and 20 MPa/yr), the hoop stress next
to the borehole remained compressive at all times. For the two highest pressurization

rates, the hoop stress next to the borehole became tensile when the borehole pressure
reached approximately 12 MPa. Results similar to those obtained here have also been
reportedin Reference6. Figure9 shows how the hoop strew varied as a function of
distance from the centerline of the hole for the 80 MPa/yr pressurization rate. Curves
are plotted for four different values of the internal pressure. Note that the peak hoop
stress was initially located next to the edge of the borehole, but moved radially outward
from the hole with time.

The results from the one-dimensional calculations indicate that, if the pressurization

rate is sufficiently slow, a compressive stress field will exist around a pressurized borehole
even when the borehole pressure is three times as large as the lithostatic pressure. For a

borehole located at the same depth as the WIPP repository, the minimum pressurization
rate required to produce tension in the salt is approximately 20 MPa/yr. This is between
two and three orders of magnitude larger than the rate of pressurization in the storage
room analysis described in the previous section.
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4 Conclusion

The results of the pressurized storage room analysis and the pressurized borehole anal-
yses suggest that gas production is unlikely to initiate fractures in the surrounding salt
formation. This conclusion is baaed on two observations:

1. In the twe-dimensional storage room analysis, the salt was never in tension.

2. In the one-dimensional borehole analyses, the pressurization rates required to pro-
duce tension in the salt were between two and three orders of magnitude larger
than the pressurization rate anticipated for the storage room.

Analytical models are presently being developed to determine if pressure resulting from
gas production can cause separation along clay seams or lead to the extension of preex-
isting cracks.
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Table 1. Total Volume and Void Fraction of Each Region in the Storage Room.

Volume by Region Void Fraction

Volume of Drums (6804) = 1,817 m3 (64,125 ft3) 0.685
Volume of Backfill = 1,268 m3 (44,775 ft3) 0.40

Volume of Air Gap = 561 m3 (19,800 ft3) 1.00

Total Solid Volume (VS):

VS = (0.315)(1,817)+ (0.6)(1,268) = l,330m3 (47,064ft3)
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(a = 3.562 m.)

Figure 7. Geometry and Doundary Conditions for the Pressurized Boreho]c Problem.
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to: B. M. Butcher, 6345

/t L!ili.- HQAJ-’y
from: J. R. Weatherby, 21 and W. T. Brown, 1533 ‘‘

subJect: Closure of a Disposal Room Backfilled With a Salt/Bentonite Mix

1 Introduction

In order to minimize the hydraulic conductivity of the WIPP repository, empty space in
the disposal rooms, accessways, and shafts will be backfilled after the operational phase
of the repository is complete. A leading candidate for the backfill material is the crushed
salt mined during excavation of the rooms. Although the permeability of the crushed
salt will initially be much larger than that of the intact salt in the host formation, the
crushed salt reconsolidates as the rooms close due to flow of the salt in the surrounding
formation.

Samples of crushed salt have been tested under hydrostatic loading conditions [1,2]. In
these tests, the consolidation of the samples was measured as a function of time at
different levels of hydrostatic pressure. These tests have shown that the addition of a
small amount of water (0.sYo by weight) greatly increases the rate of consolidation of the
crushed salt. Sjaardema and Krieg [3] have constructed an empirical constitutive model
for crushed salt baaed on experimental data from the consolidation tests on wet crushed
salt. In Reference [4], this model has been used to analyze disposal rooms which are: 1)
completely filled with the backfill, and 2) filled with a combination of waste and backfill.
The model has also been used in analyzing storage rooms pressurized by gases produced
by corrosion and decomposition of the waste [5,6]. A primary objective in these analyses
has been to estimate the degree of compaction in the backfill as a function of time.

A mixture of crushed salt and bentonite has also been considered for use as a backfill
material. Bentonite is a desirable additive because it can absorb brine and radionuclides.

Unfortunately, consolidation tests show that salt/bentonite samples compact at much

slower rates than samples consisting of crushed salt alone [7]. This raises the concern that

the permeability of the salt-bentonite backfill in the disposal rooms could remain large

relative to that of the intact salt for long time periods extending well beyond 100 years.

To investigate this problem, a disposal room backfilled with a mixture of crushed salt
and bentonite has been analyzed with the structural finite element code SANCHO.
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2 Constitutive Model For the Backfill

The constitutive model for the backfill is described in Reference 3. The constitutive
equations in the third chapter of Reference 3 are based on the assumption that the change
in density between the current configuration and the reference configuration is very small
relative to the density in the reference configuration. In the original implementation of the
backfill model in SANCHO, the reference configuration was taken to be the configuration
existing at the end of the previous time step. Hence, the original formulation of the
constitutive relations is valid if the volume change within a time step is ‘sufficiently
small”.

The backfill model was reformulated so that the constitutive relations remain valid for
arbitrarily large changes in density. In order to describe the reformulated consti tuti ve
relations, several quantities must first be defined. The Cauchy stress tensor is denoted

by Cij$ and the velocity vector is denoted by vi. The stretching tensor (Zij and the spin
tensor wij are defined as:

dij = 4 (ViJ + Vj,i)
2

Wij =
~ (Vi,j - Vj,i)

(1)

(2)

Both the Cauchy stress tensor and the stretching tensor can be decomposed into spherical
and deviatoric parts through:

where,

The corotational flux of the Cauchy stress tensor is defined

v
Uij = &ij — Waknkj + Uikwkj

(3)

(4)

(5)

(6)

tobe:

(7)

The following relationship between the corotational flux of the Cauchy stress, the devia-
toric stress Sij, an d the hydrostatic pressure p can be shown to hold:

v v
Uij = Sij – bijp (8)

In the backfill constitutive model, the rate of dilatation & is assumed to depend on the
hydrostatic pressure through:

iv= p/K + ~Bo[eB’p – 1] eAp
P
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where 130,111,and A arethematerial constants obtained from the creep consolidation
experiments, K is the elastic bulk modulus, and p is the density of the bacldill. The

density p is computed from the relationship:

P=p”exdl’’’)’) (lo)

where p. is the density at time to. In the formulation presented in [3], the following
relationships were assumed in place of Equations 9 and 10:

4V = ~/K+fyo[eB”-‘1“p (11)

P= p“/[1 – iv(t – t“)] (12)

The deviatoric part of the stretching tensor is assumed to depend on the deviatoric stress
and corotational flux of the deviatonc stress through the relationship [3]:

v

()
N

d~j = 8 ‘j~ + A= phItaCt exp(Q/R T) (~klUu)tN-11/2#ij
P

(13)

where AC, N, and Q are material constants obtained from uniaxial creep experiments on

the intact salt, R is the ideal gas constant, T is the absolute temperature, G is the elastic
shear modulus, and p~tact is the density of the intact salt.

The elastic moduli are assumed to depend on the density of the backfill through rela-
tionships of the form:

K= K. exp(K1p) (14)

G= Go exp(G1p) (15)

The empirical equation for the elastic bulk modulus K is based on data born a hydro-
static test on dry crushed salt [1]. In this experiment, the bulk modulus was determined
by performing unload-reload cycles on the same specimen at different degrees of consoli-
dation. Constants K. and K1 were determined in [3] by using the least squares method

to fit the modulus data to the function in Equation 14. ln the fit, the function was

constrained so that the bulk modulus of the crushed salt was equal to the bulk modulus

of the intact salt when the crushed salt was fully compacted. No experiments have l.)een

conducted to determine how the shear modulus varies with density, so the shear modulus

was assumed to vary according to the same exponential form as the bulk modulus. The
constant Go was selected so that the shear modulus for the crushed salt was equal to
that of the intact salt when the crushed salt was fully consolidated, and the constant G1
was assumed to be the same as K1.
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3 Creep Consolidation Properties of the Salt-Bentonite Back-
fill

Threesamplesofa salt-bentonitemixtureweretestedunderconstanthydrostaticloading

by RE/SPEC Inc.[7].Allthreesampleswere composed of70% by dry weightcrushed

saltand 30% by dry weightbentonite.Two ofthe samplescontainedSVOmoistureby

weight,and the thirdsample contained10% moistureby weight.The loadinghistory

foreachspecimenconsistedofa seriesofconstant-pressurestages.The lowestpressure

appliedin any stagewas 3 MPa, and the highestpressureappliedin any stagewas

14 MPa. Specimen volume was monitoredcontinuouslyduringeachtest.The specimens

were subjectedtoloadforapproximately300 days.

From Equations 9 and 10, the consolidation rate for constant pressure can be expressed
as:

~ = BO(e~’p – l)eAP (16)

where p is the hydrostatic pressure (compression gives a positive value of p), p is the
dry density of the mixture, and A, BO, and BI arematerialconstants.Integrationof

Equation16 forthecaseofconstanthydrostaticpressuregives:

P = –; log [e-Ah – ABo(eB’p – l)t] (17)

where t is the elapsed time, and p. is the density at t = O. In [7], the constants A,

l?o, and I?l were determined by fitting measurements of densit y as a function of time to
Equation 17 using the method of least-squares. Table 1 lists the values of the constants
that were obtained from creep tests on each of the three test specimens. The parameters
referred to as “Selected Values” were determined by Callahan [11] to be representative
of the parameters obtained from the three tests of the salt/bentonite mixture. Values of
the parameters for pure “wetn crushed salt are also provided.

4 Modification of the Backfill Constitutive Subroutine

In SANCHO the volumetric part of the backfill constitutive model, given by Equation 9,
is integrated using a semi-analytical approach. In this method, several approximations
are made to obtain an approximate analytical expression for the final pressure at the end
of the time step based on & and the length of the time step At. For the integration to be
accurate, the value of At must be small. When At is too large, the time step is divided
into smaller segments within the constit utive routine so that:
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Table 1. Creep Consolidation Constants for Salt/Bentonite Backfill [7] and All-Salt
Backfill [3].

Test Moist ure Applied Parameter Values
I

I.D. Content Pressure BO B1

(%) (MPa) (m~kg) (kg/( m-’ . s)) (MPa-l)

Csl 5.3 3.45 to 14 -33.9 x 10-3 0.972 X 10ZI 0.693

CS3 9.97 3.45 to 7 -30.3 x 10-3 0.970 x 1021 0.084

CS4 5.24 3.45 to 14 -34.5 x 10-3 1.021 x 1021 0.509

A

Selected Values for -34.5 x 10-3 1.0x 1021 0.6
Salt/Bentonite Mixture [11]

‘Wet” Crushed Salt -17.3 x 10-3 1.3 x 10s 0.820

where,

Ati =

a =

P =
PO =

The variable 6 appearing

min (b/a, 8/@, t5/&o) (19)

(Klp, + ApO - 1) i, (20)

Klpoi. (21)

density at the beginning of the subdivision. (22)

in Equation 19 determines the accuracy of the integration. In
the original implementation of the constitutive model, a value of 0.1 was used for 6. For
the crushed salt backfill, the use of 6 = 0.1 produced acceptable results; however, smaller
values of 6 were required to obtain the desired accuracy for the salt/bentonite mixture.
For this reason, 6 was made an input variable which can be specified by the user through
the input data ille to SANCHO.

5 Analysis of Hydrostatic Creep Experiments

Equation 17 gives the density of the backfill as a function of time for a constant hydro-
static pressure. Because an analytical solution for this loading condition exists, it was
used as a check on the implementation of the backfN.1constitutive model in SANCHO
using the “Selected Values” from Table 1. Figures 1 and 2 show how the variable 6 affects
the accuracy of the integration for a constant hydrostatic pressure of O.OS MPa forthe
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pure crushed salt and the salt/bentonite mixture, respectively. The solid line in these
figures represents the analytical solution horn Equation 17. Based on this comparison,
it was decided that the accuracy provided by J = 0.0025 was sufficient for integrating

the constitutive equations with the salt/bentonite properties. For pure crushed salt, all
values of d are within 0.1% of the analytical solution for density, although b = 0.0005

provides results which are about an order of magnitude more accurate than the others.
For the salt/bentonite mixture, b = 0.1 fails to capture the initial part of the density
history with the desired accuracy, but is only 0.6% less than the exact solution at the
end of 0.10 years. The solutions for $ = 0.005 and b = 0.0005 track the exact solution
accurately and are off by less than 0.270 over the entire simulation period.

In each hydrostatic creep test described in Reference 7 the specimens were subjected
to 3-4 different levels of hydrostatic pressure. Within each stage, the pressure was held
constant. To evaluate the performance of the constitutive model under a time-varying
load, SANCHOwasused to track the volumetric response of the specimen to the loading

history applied in test CS1. In the experiment, the specimen was first conditioned by
rapidly loading it to a hydrostatic stress of 3.45 MPa. During conditioning, the density

increased from an initial value of 1449 kg/m3 to a value of 1685 kg /m3. The conditioning

phasewas followedby threeadditionalloadingstageswhere thehydrostaticpressurewas

heldat 3.45MPa, 7 MPa, and 14 MPa. Between eachloadingstage,thespecimenwas

againconditionedby rapidlyloadingthesampletothehydrostaticpressurelevelinthe

next stage.The changeindensityduringconditioningwas negligiblebetween Stages1

and 2 and between Stages2 and 3.

For comparison purposes, the density from the SANCHO analysis was converted to vol-
umetric “engineering” strain through the following relationship:

(l&v) /vo=l-~
P

(23)

where V. is the initial volume of the sample, V is the current volume, p is the density,

and pi is the density of the mixture before the initial conditioning (1449 kg/m3). III the
SANCHOcalculation, the starting density of the specimen was set equal to the density
after the initial conditioning stage (1685 kg /m3). The creep consolidation constants listed
in Table 1 for test CS1 were used in the analysis. Figure 3 shows the volumetric strain
history measured in experiment CS1 compared to the volumetric strain calculated with
the SANCHOmodel. The agreement is good between the volume strains calculated
with SANCHO and the volume strains measured in the test. The constitutive model,
however, cannot accurately track the rapid consolidation which occurs during the initial
conditicming of the specimen where the density increases horn 1449 kg/m3 to 1685 kg/m3
over a period of a few seconds or minutes.
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6 Finite Element Analyses of Consolidation in Backfilled Dis-
posal Rooms

SANCHO was used to analyze the closure of a disposal room that is backfilled immedi-
ately following excavation. The two main objectives of this investigation were to:

1. Compare the void reduction in a room backfilled with crushed salt to the void
reduction in a room backfilled with a 70/30 mixture of crushed salt and bentoni te.

2. Determine the sensitivity of room closure to the elastic moduli of backfill.

Five different cases were considered, and, in each case, a different set of constants was
used in the backfill constitutive model. The deviatoric creep behavior of the backfill was
assumed to be the same in all cases; only the constants defining the elastic moduli and
the creep consolidation behavior were varied. The cases considered were:

● creep consolidationpropertiesforcrushedsaltwithelasticmoduliofcrushedsalt

● Creep consolidationpropertiesforcrushedsaltwithelasticmoduli ofcrushedsalt

scaledby a factorof1/12.5

● Creep consolidationpropertiesfora 70/30salt/bentonitemixturewithelasticmod-

uliofcrushedsalt

● Creep consolidation properties for a 70/30 salt/bentonite mixture with elastic mod-

uli of crushed salt scaled by a factor of 1/12.5

● Creepconsolidationpropertiesfora 70/30salt/bentonitemixturewithelasticmod-

uliestimatedwitha mixturesapproximation.

The scaling factor of 1/12.5 is an issue because the elastic moduli of the intact salt have

been scaled by this factor. This scaling has produced analytical results which are in good
agreement with measurements of room closure at the WIPP site [9]. It is natural to ask

whether it is appropriate to scale the elastic constants of the backfill by the same factor.

6.1 Finite Element Model and Boundary Conditions

The finite element model shown in Figure 4 was used in the five analyses of the disposal

room. The nodes along the left and right edges of the mesh were fixed against horizontal
motion to approximate the conditions that exist around a room that is located near the
cent er of a very long panel of rooms. A pressure of 14.8 MPa was applied along the
upper boundary of the mesh to represent the overburden at the depth of the repository.
The initial stress state in the undeformed configuration was assumed to be constant
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in the salt formation. The normal stresses in the horizontal, vertical, and out-of-plane
directions were set equal to –14.8 MPa in all elements in the intact salt. The initial
stresses for elements representing the backfill were set equal to zero. No gravitational
forces were applied in the problem as it has been assumed that closure of the disposal
rooms is not greatly affected by the gravitational forces acting on the material in the
immediate vicinity of the room [8]. Following [9], the stratigraphy was also ignored,
and the formation was considered to be all-salt. The temperature in the room and
surrounding salt was assumed to be constant at 300 K.

6.2 Constitutive Model Parameters

The WIPP reference elastic-secondary creep model described in Reference 10 was used
to represent the mechanical behavior of the intact salt. Following [9], the reference

elastic constants were divided by 12.5 to produce closures similar in magnitude to those
measured at the WIPP. Table 2 lists the material constants that were used with the
elastic-secondary creep model.

Two sets of constants were used to define the creep behavior of the backfill: one set for
analyses involving the all-salt backfill, and one set for analyses involving the salt/bentonite
mixture. Table 3 lists the values of the creep constants for both backfill compositions.
The consolidation constants A, BO, and 131are those recommended by RE/SPEC, Inc. in
[11]. The initial density of the all-salt backfill was taken to be 1400 kg/m3, and the fully-
compacted density was taken to be 2140 kg/m3. The initial density of the salt/bentonite
backfill was taken to be 1480 kg/m3, and the fully-compacted density was taken to be
2260 kg/m3.

In analyses of the backfilled disposal room, three sets of constants were used to describe
the variation in the elastic moduli. These constants are listed in Table 4. The set of
constants labeled ‘unscaledn is the set derived in Reference 3. The ‘scaledn constants
are equal to the unscaled constants divided by 12.5. Since bentonite has mechanical

properties which are different from those of salt, the moduli for the salt/bentonite mixture
will be different from that of the crushed salt alone. To estimate the elastic moduli of
the mixture, a crude mixture approximation was used to estimate the elastic moduli of
the salt/bentonite backfill. The mixture approximation is based on an incomplete set of
experimental data and an unverified assumption about how the bentonite is dispersed
within the mixture. In Table 4, the set of constants labeled “mixturen corresponds to the
constants derived from the mixture approximation. Details of the procedure that was
used to obtain the constants for the mixture can be found in the appendix. While the
mixture approximation is useful in a parametric study, it should not be used in place of
experimental measurements to determine how the modulus varies with density.
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Table2. Material Constants Used With the Elastic/Secondary
Iutact Salt,

April 30, 1990

Creep Model for the

n PARAMETER I VALUE II

G 9.92 x 10° Pa

K 1.656 x 10e Pa

A 5.79 x 10-36 Pa-4”e/(see)
N 4.9

QIRT 20.13

Table S. Creep Constants Used With the Backfill Model for the All-Salt and
Salt/Bentonite Backfills.

Parameter Value
All-Salt Salt/Bentonite

A. (Pa-’”ef(sec,)) 5.79 x 10-36 5.79 x 10-36
4.9 4.9

Q/;T 20.13 20.13

A (m3/kg) -17.3 x 10-3 -34.5 x 10-3
130 (kg/(m3 see)) 1.3 x 106 1 x lo~l

BI (Pa-i) 0.82 X 10-6 0.6 X 10-6

v
8ij = 2G [d~j _ 1.5( N+ MA=(P mt..t/P)N exp(Q/RT)(~kl~kf )fN-1)f2~ij 1

P = l?O[exp(131p) – 1] exp(Ap)

Table 4. Three Sets of Constants Used to Describe the Elastic Moduli of the Backfill.

Set KO K1 GO G1

Label (Pa) (m3/kg) (Pa) (m3/kg)

Unscaled 17600. 0.00653 10600. 0.00653
Scaled 1408. 0.00653 848. 0.00653

Mixture 351900. 0.00436 358180. 0.00436
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6.3 Finite Element Results

The horizontal and vertical closures of the disposal room are shown in Figures 5 and 6

for each of the five cases. In these figures, thevertical closure is the change in height
of the room at the center of the roof and floor expressed as a percentage of the original
room height. The horizontal closure is the change in the width at the midheight of the
room expressed as a percentage of the original room width.

The void volume in the disposal room expressed as a percentage of the total room volume
is shown in Figure 7 as a function of time for each of the five cases analyzed. The void
fraction is computed from the relationship:

Vvoid (1_ ~,/~intact)~ -t AV
u ~—

v= v
(24)

where pi is the initial density of the backfill when it is placed in the room, V. is the initial

volume of the room, V is the current volume of the room, and AV is the change in room
volume from the undeformed state.

Changing the elastic moduli of the backfill had virtually no effect on the closure of the
storage room. The creep consolidation properties, however, had a significant effect on
room closure. With the all-salt backfill, zero void volume was reached in the room 70 years
after excavation; whereas, for the salt /bentonite backfill, 7.5% of the room volume was
void 200 years after excavation.

Contour plots showing the distribution of void volume in the room are shown in Figure 8
for the salt/bentonite backfill. As found in previous calculations with all-salt backfill [4],
the salt/bentonite backfill consolidates most rapidly in the corners and shows the slowest
rate of consolidation in the center of the disposal room.

The mean stress (amem = $~ii) at the center of the disposal room is shown in Figure 9
for the all-salt backfill and for the salt/bentonite backfill. The all-salt backfill reaches
complete consolidation at 70 years when the mean stress is —2 MPa at the center of
the room. At 70 years, the mean stress in the salt/bentonite mixture is approximately
–4 MPa at the center of the room. The higher stresses in the salt/bentonite backfill slow
closure of the room and are responsible for the slower rate of compaction of the backfill.

7 Conclusion

The algorithm used to integrate the backfill constitutive model has been fine-tuned so that
it can be used to accurately integrate the constitutive equations with material constants
derived for a 70/3(J mixture of crushed salt and bentonite. The integration algorithm was
tested on a single-element problem where a constant hydrostatic load was applied. The
constitutive model was shown to match experimental results from a creep consolidation
experiment where the hydrostatic pressure was increased in a sequence of three steps,
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Analyses of a backfilled disposal room show that the salt/bentonite backfill is much slower
to consolidate than the all-salt backfill. After 200 years of closure, the salt/bentonite
backfill still contained 7.s% void by volume. In contrast, all void was eliminated from
the all-salt backfill 70 years after excavation. The analyses also indicate that predictions
of room closure and void volume are insensitive to the elastic modulus of the backfill.
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Figure S. Volumetric Strain asa Function of TimeForTest CS1 of Refcrence7.
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Appendix A. Estimation of the Bulk Modulus ofa Salt/Bentonite
Mixture

No experimental data are currently available for the density variation of the elastic moduli
of a crushed salt/bentonite mixture. However, such data are available for dry crushed
salt [1] and a sand/bentonite mixture [12]. These properties along with an unverified
assumption about the nature of the mixture were used to obtain a crude estimate of
how the moduli of the salt/bentonite might vary with density. This estimate was used
in a parameter study to determine the sensitivity of room closure calculations to the
constants appearing in Equations 14 and 1s.

If the salt/bentonite is assumed to be a non-interacting mixture where the bentonite is
collected into small pockets which are uniformly distributed within a crushed salt matrix,

then the moduli of the mixture can be estimated with a simple mixture rule. For a mass
fraction J of bentonite, the specific volume of the mixture can be written as:

v = (1 – A)v~ + Av~ (Al)

where Vs and VB are the specific volumes of salt and bentonite, respectively, and V = 1/p
where p is the mass density.

The compressibility of the mixture is then estimated as:

flv = (1 – ~)~svs + ~/?Bv~. (A.2)

where ~ is the inverse of the bulk modulus. This equation allows for the calculation
of the compressibility of the mixture if the volume and compressibility of each phase is
known.

The bulk modulus as a function of peak pressure in crushed salt has been measured
in tests reported in [1]. These same data have been converted to bulk modulus as a
function of densit y by Sjaardema and Krieg [3]. Density of the crushed salt as a function
of pressure has the form:

P = 1.5425 ● M.992p (A.3)

where the density has units of g/cm3 and pressure is in MPa. The corresponding bulk
modulus has the form:

KS = 1.76 x 10-ze60s3P (A.4)

where the units of K are MPa. Thus, at a given pressure the density can be determined
as a function of pressure; and the corresponding modulus is then calculated as a function
of density.

The only data available for bentonite at various densities were obtained for a ben-
tonite/sand mixture which is 30% sand by weight [12]. The data were used in lieu

of other data sources. For this material, the pressure as a function of the volumetric

strain e. was determined to be:

p = 2.61exp(8.10ev) – 1. (MPa.) (A.5)
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This equation can be inverted to give ev(p), and the density is calculated from p =

PO/(1 - e.). The corresponding modulus has the form

KB = I.2p– 1836.0 (MPa.) (A.6)

where the density is in kg/m3.

The final modulus of the mixture as a function of density is then calculated from Equa-
tion A.2 above. The result is shown in Figure Al. The expression for the bulk modulus
of the mixture was fit to a function of the form K = KOexp(K1p) for use in the backfill
constitutive model. This model also requires an expression for the variation of the shear
modulus with density. Since no test data was available for determining this function,
the shear modulus was computed from the bulk modulus assuming that Poisson’s ratio
of the mixture remains constant during consolidation. Based on the results presented in
Reference 13, a value of 0.12 was used for Poisson’s ratio of the mixture.
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APPENDIX B: CONSTITUTIVE EQUATIONS FOR BACKFILL CONSOLIDATION
IN SANCHO AND IN SPECTROM-32
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Appendix B: Constitutive Equations For Backfill Consolidation
In SANCHO And In SPECTROM-32

Constitutive Equations in SANCHO

Backfill consolidation is defined in SANCHO by the following equations (Sjaardema and

Krieg, 1987). Decomposing the current values of the stress ~j and the total strain rate {d&ij/dt)

into volumetric and deviatoric parts (using the summation convention):

P = ‘]/3akk, (B-la)
Sij = ~j - 1/3 Ukk$ (B-lb)

{dev/dt) = - {d&kk/dt), (B-lc)

{deij/dt) = {d~j/dt) - 1/3 {dCkk/dt), (B-id)

where: P is the pressure (positive in compression),

Sij is the deviatoric stress,
{dev/dt) is the volumetric strain rate (positive for decreasing volume), and
{deij/dt) is the deviatoric strain rate.

The density p is computed from

t

P = P. exp( J (dcv/dt)dt,
to

(B-le)

where PO is the density of the backfill at time to.

EIASTIC CONSTANTS

The elastic response of the consolidating material was defined by Sjaardema and Krieg in

terms of the shear modulus G and bulk modulus K as

K = Kooexp(Klop), (B-2a)

G = Go”exp(Gl”p), (B-2b)

where KO, Kl, GO, and G1 are constants (Table 3.2.1). These relationships are also used in

SPECTROM-32.

SANCHO CREEP MODEL

The volumetric constitutive model for pure crushed salt is (e.g., Sjaardema and Krieg, 1987,
Equation 3.3.7)

{dp/dt) = KO exp(Klpo( 1 + ev))[{de,/dt)

- (1 -ev)2/pOOBO(exp( BIP) - 1)Oexp(A”pO”( 1 + e“))]. (B-3)
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For creep under deviatoric stresses, Sjaardema and Krieg used a relationship for the

deviatoric stress rate that depends upon the secondary creep model for intact salt. This assumption
is important because it represents a major difference between the constitutive model used in the
finite-element code SANCHO and the finite element code SPECTROM-32. The continuum model
for the rate of the deviatoric stress of crushed salt in SANCHO is (e.g., Sjaardema and Krieg,
Equation 3.4.6)

{dSij/dt) = 2G({dc’ij/dt) - Ac(~m/~)n exp (Q/RT) (SpqSpq)(n-1)/2 Sij), (B-4)

where material constants AC, Q, and n refer to the values for intact salt (Table 3.2.1). The density

pm is the solid density of halite.

The volumetric creep equation (Equation 1.1 .4) and the deviatoric stress rate (Equation B-3)

are then integrated to determine the total stress at any time, given by

Uij = Sij - 6ij0P, (B-5)

where 6ij is the Kronecker delta. Both Sij and P contain elastic response terms.

Constitutive Equations in SPECTROM-32

SPECTROM-32 DEVIATORIC CREEP MODEL

Instead of summing stresses, the continuum model for the rate of consolidation of crushed

salt in SPECTROM-32 sums strain rates (e.g., Callahan and DeVries, 1991):

{d&ij/dt} = (d&ij/dt) + (d&ij/dt). (B-6)

Elastic response is given by the term (d@ij/dt), and the creep response is given by the term

(dNij/dt). The creep strain is, in turn, decomposed into a volumetric component and a shear

component. The invariant strain-rate measure of the shear component, N,qz, is then assumed to

be a scalar multiple of the invariant measure of the volumetric strain rate (dcv/dt) (the volumetric

strain is defined in SPECTROM-32 as c, = ~ - 1

(d&,qJdt) = @(dtJdt), (B-7)

and theinvariantstressk assumedtobe a scalarmultipleoftheoctahedralshearstress,

Ue = (30 J2)0”5, (B-8)

where J2 is the second invariant of the stress deviator (J2 = 1/2* SijSij), so that the total creep
strain rate (including both volumetric and shear components) becomes

{d@ij/dt) = (dcv/dt)s6ij/3 - fl”(d~/dt)e3Sij/( 2ue) (B-9)

To apply this equation, a value of 2/3 is assumed for the constant /3, which causes the
lateral components of the total creep strain, d&’ij/dt, in a uniaxial test to equal zero. To
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understand the implications of this assumption, consider a short cylindrical sample of crushed

material with a uniform compressive load distributed over each end. The sides of the sample are
unrestrained. Because the mechanism for the reduction of volume of the sample during creep

consolidation is the deformation of material into internal voids, rather than flow of material
laterally, lateral inelastic expansion of this sample would appear unlikely. Thus, usingthe
conditionof zerolateralstraintoevaluateO appearsreasonable,althoughthk hypothesishasyetto
be checkedby experiments.Equation(2.3)thenbecomes

(d@ij/dt) = {d~/dt)0(6ij/3 - Sij/ue), (B-1O)

and the full constitutive relation is

{d&ij/dt) = {da~~/dt)06ij/( 90K) + {dSij/dt)/(20G)

+ (l+CV)2/PO Bo[l - f3Xt)(-B~OUkk/3)]

●exp(AOpo/(l + cv){(6ij/3 - Sij/se), (B-11)

with constants Bo, Bl, and A listed in Table 3.2.1.

While Equation B-1 1 is correct for the initial model that was incorporated into

SPECTROM-32, the model was subsequently expanded to include the deviatoric response of the
Munson-Dawson model (Callahan and DeVries, 1991) much the same as Equation B-4 defines the

deviatoric portion of the secondary creep model. This expanded model is expected to give a

smooth transition from crushed-salt behavior to intact salt behavior as the void fraction
approaches zero.
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Appendix C: SANCHO And RE/SPEC Waste Models

SANCHO Waste Model

The stress-strain behavior of waste is represented in SANCHO by a volumetric plasticity

model with a piecewise linear function defining the relationship between the mean stress pm and
the volume strain ev (Weatherby et al., 1991) (See Appendix B, Equations B-la, B-lc).
Compaction experiments on simulated waste were used to develop this relationship, given in Table

c-1. Although the deviatoric response of the waste has not been characterized, compaction
experiments on 55-gallon drums of simulated combustible, metallic, and sludge waste showed that

the drums do not undergo significant lateral expansion until most of the void space inside the
drums has been eliminated (Butcher et al., 1991) (i.e., the thin steel walls of the drums have

sufficient strength to elastically confine the waste). Therefore, the constants in the volumetric

plasticity model were defined to capture this anticipated characteristic. The deviatoric yield
function F has the form

F=ad-3p =0, (c-l)

where ud = (3/2 Sij Sij)ljz (See Appendix B, Equation B-1 b). The deviatoric response was assumed

to be elastic-perfectly plastic. With this assumption, the yield surface of the waste is a surface of
revolution around the mean stress axis in three-dimensional principal stress space. The curve
traced by its intersection with any r plane is a circle, with all stress states within the circles

elastic. A value of 222 MPa was assumed for the elastic shear modulus, and the elastic bulk
modulus was 333 MPa (Weatherby et al., 1991).

Table C-1. Assumed relationship between the mean stress and the volume strainfor CH-TRU
waste used in SANCHO disposal room closure analyses (new SANCHO compaction

curve)

Mean Stress, p Volume Strain, ev
(MPa) (log(P/PO))

0.028 0.032
0.733 0.741

1.133 0.898
1.667 1.029
2.800 1.180
10.17 1.536

RE/SPEC Waste Model

The stress-strain behavior of waste is represented in SPECTROM-32 by a nonlinear elastic

model based on the assumption that the axial stress is proportional to the mean stress*

*The definition of the mean stress differs from the definition used for SANCHO: for

SPECTROM-32, am = ~, for SANCHO, P = - ~.
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(Figure 3.-3) (Callahan and DeVries, 1991). This assumption is related to the compaction tests of
55-gallon drums of simulated combustible, metallic, and sludge waste that were laterally
unconfined: for zero lateral stresses, the definition of mean stress becomes

am = (u, + ad + ua)/3, with u, = uo = O, so that u. = 3um. (c-2)

In contrast, if the assumption is made that the waste is actually under a hydrostatic state of

stress, then Ur and uo would equal Ua, and u= = um. Callahan and DeVries recognized that neither
assumption was correct and initially chose the Ua = 3um assumption because it provided the less

stiff representation of the TRU waste. They felt that the less stiff representation was more

conservative because it provided less resistance to room closure and lower back pressure on the

surrounding backfill and increased the time required to obtain lower porosities. In later
calculations, closure calculations were repeated using the Ua =
1992 memo in Appendix A).

am assumption (Callahan, March 13,
These results described in Section 5.1.3, were found to be much

closure to the expected response.

The functional form used for compaction was

U== hI(@/@o)/K, with Ua = 3um (c-3)

where @ is the porosity, @o is the initial porosity, and K is a material parameter (Table C-2). To

use the stiffer representation of the TRU waste (i.e Ua = am, the material parameters K was
replaced by K/3. The elastic tangent bulk modulus K was calculated directly from the

relationships in Equation (C-3), and the elastic shear modulus G was assumed to be G = 3K/5,

corresponding to a value for Poisson’s ratio of 0.25.

TableC-2.CompositeCH-TRU wasteconsolidationmodel constantsused in the SPECTROM-32

disposal room closure analyses

Model Solid initial Initial
Density Porosity (M~a)-l Density
~f (kg/rn3) 40 of (kg/rn3)

Series 2,790 0.650 0.068 978
Parallel 2,790 0.637 0.169 1,010
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Appendix D: Disposal Room Calculations

Development of the closure part of the disposal room model was accomplished in a series of

stages (Arguello et al., 1991), that became increasingly more detailed as better material response
models and mathematical methods became available. Even though the final results of closure

studies as of October 1991 are reported in several key documents, other references provide
additional detail of the methods for their acquisition. Summaries of key references are listed in
this appendix in roughly the chronological order that the studies were completed, to provide
insight into the steps leading to the final results.

Calculation 1: An Empty Room

REFERENCE

Ehgartner, B. 1990. Geomechanical Analyses in Support of the Waste Isolation Pilol Plant ( WIPP).

SAND90-0285. Albuquerque, NM: Sandia National Laboratories. Chapter 9.

CODE

SPECTROM-32

ROOM DIMENSIONS AND BOUNDARY CONDITIONS

An empty room in two-dimensional (2-D) plane strain was modeled as an infinite series of
33 ft wide by 13 ft high, infinitely long rooms separated by 100 ft pillars. The finite element
mesh was symmetric around the vertical centerline of the room with dimensions of 66.5 ft by
342.2 ft. Boundary conditions were roller or unidirectional displacements along each side of the
mesh, except at the top where a unidirectional overburden pressure of 13.65 MPa was applied.

The vertical in situ stress gradient from the top of the model was internally calculated from the

density and thickness of the layers.

STRATIGRAPHY

Layers of pure halite, argillaceous halite, and anhydrite were separated by clay seams. Clay

seams more than 33 ft away from the room were not included.

CONSTITUTIVE MODELS

Sale Munson -Dawson model and properties were used (Munson et al., 1989a;
Munson et al., 1989b), except that the transient strain limit constant for
argillaceous halite was varied from that of the reference set.

Anhydrite: An elastic material with a reduced modulus to account for the presence of
fractures was used.
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Clay: A friction coefficient of 0.2 was assumed.

RESULTS

The room volume as a function of time was normalized to the room volume predicted

elastically immediately after room excavation.

Calculation 2: An Empty Room

REFERENCE

Morgan, H.S. 1987. “Estimate of the Time Needed for TRU Storage Rooms to Close,” June 2,
1987 memo to D.E. Munson. Albuquerque, NM: Sandia National Laboratories. (Memo in
Appendix A).

Code

SANCHO

ROOM DIMENSIONS AND BOUNDARY CONDITIONS

An empty room in two-dimensional (2-D) plane strain was modeled as one in an infinite

series of 33 ft wide by 13 ft high, infinitely long rooms separated by 100 ft pillars. The finite
element mesh was symmetric around the vertical centerline of the room with dimensions of 66.5
ft. by 351.3 ft. Boundary conditions were roller or unidirectional displacements along each side of

the mesh, except at the top where a unidirectional overburden pressure of 13.57 MPa was applied.
The vertical in situ stress gradient from the top of the model was calculated from the density and

thickness of the layers.

STRATIGRAPHY

The formation was assumed to be completely salt,

CONSTITUTIVE MODELS

Salt: WIPP reference secondary creep law was used, with the reference elastic
properties of halite divided by 12.5 (Krieg, 1984).

RESULTS

The room volume was normalized to the original room volume. Good agreement was

observed with the closure rates measured in the SPDV test panel.
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An iteration of this was completed by Weatherby (May 17, 1989 memo in Appendix A) in
which he compared the results of a calculation with the finite element mesh symmetric around the

vertical centerline of the room with a quarter panel model. After 25 years of closure, the quarter
panel representation closes 12% more than the half panel, largely because the quarter panel has a
shorter distance between the center of the room and the upper boundary of the mesh.

Calculation 3: An Empty Room

REFERENCE

Morgan, H.S. 1987. “TRU Storage Room

to D.E. Munson. Albuquerque, NM:

CODE

SANCHO

Calculation with Stratigraphy,” December 9, 1987 memo
Sandia National Laboratories. (Memo in Appendix A).

ROOM DIMENSIONS AND BOUNDARY CONDITIONS

An empty room in two-dimensional (2-D) plane strain was modeled as one in an infinite
series of 33 ft wide by 13 ft high, infinitely long rooms separated by 100 ft pillars. The finite

element mesh was symmetric around the vertical centerline of the room with dimensions of 66.5 ft
by 351.3 ft. Boundary conditions were roller or unidirectional displacements along each side of

the mesh, except at the top where a unidirectional overburden pressure of 13.57 MPa was applied.
The vertical in situ stress gradient from the top of the model was calculated from the density and

thickness of the layers.

STRATIGRAPHY

The stratigraphy is described by Munson and Morgan (1986).

CONSTITUTIVE MODEL

Sale WIPP reference secondary creep law was used with the reference elastic
properties of halite divided by 12.5 (Krieg, 1984).

Anhydrite layers and a single polyhalite layer:

These materials were modeled as plastic materials with pressure dependent
deviatoric yield strengths defined by the Drucker-Prager yield criterion.
The Drucker-Prager constants were variations of the WIPP reference values
(Krieg, 1984).

D-5



RESULTS

Room volumes were normalized to the original room volume. The closure estimate was
almost the same as when the anhydrite layers were assumed elastic (without elastic constant
reduction) and predicted 56% volume reduction in 100 years, as opposed to 76% reduction
obtained with the all-salt model.

Calculation 4: Rooms Completely Filled With Salt Backfill
or Waste and Salt Backfill

REFERENCE

Weatherby, J.R. 1989. “Finite Element Analysis of TRU Storage Rooms Filled with Waste and

Crushed Salt,” May 17, 1989 memo to B.M. Butcher. Albuquerque, NM: Sandia National
Laboratories. (Memo in Appendix A).

CODE

SANCHO

ROOM DIMENSIONS AND BOUNDARY CONDITIONS

A room filled with waste and backfill in two-dimensional (2-D) plane strain was modeled as
one in an infinite series of 33 ft wide by 13 ft high, infinitely long rooms with rounded corners

separated by 100 ft pillars. The finite element mesh was a quarter panel room with dimensions 20
m (66.5 ft) by 27 m (88.5 ft). Thus, in addition to symmetry about a vertical plane, the disposal

room contents were approximated as symmetric around a horizontal plane passing through the
center of the disposal room. Boundary conditions were roller or unidirectional displacements along
each side of the mesh (based on symmetry conditions), except at the top where a unidirectional

overburden pressure of 14.3 MPa was applied. All locations within the salt formation had this

initial stress state with all three principal stresses set equal to 14.3 MPa. Room contents were

100% backfill (crushed salt) or backfill plus waste. This configuration did not include the 2 ft air
gap normally considered part of the disposal room contents. The volume assumed for the waste

was 1817 ms, and the volume assumed for the backfill was 1829 ms. An empty room calculation
was also performed to determine the effect of reducing the distance from the center of the room

to the upper edge of the mesh by half. This reduction was made in order to reduce CPU time.

STRATIGRAPHY

The formation was assumed to be completely salt.
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CONSTITUTIVE MODELS

Salt: WIPP reference secondary creep law was used, with the reference elastic
properties of halite divided by 12.5 (Krieg, 1984).

Backfill Crushed salt - The Sjaardema and Krieg constitutive relations were used
with slight modifications, mostly concerned with how the deviatoric stresses
are defined, as described in Appendix B.2 of this memo. The initial
density of the crushed salt was 1400 kg/m3.

Waste: A volumetric plasticity model with a piecewise linear function defining the
relationship between the mean stress and the volumetric strain was used.
Since no data was available to define this relationship, the model parameters
were estimated. Deviatoric response assumed that the waste would not
undergo significant lateral expansion, with the constants in the volumetric
plasticity model defined to capture this anticipated characteristic. A
deviatoric yield function was defined, and a non-associative flow rule was
used. This relationship is shown as the “old” Sancho model in Figure 3.3-2
of the current report.

RESULTS

Void-fraction versus time curves are obtained at a given time by dividing the void volume
in the region by the current volume of the region. Contrary to previous assumptions, in lieu of

specific information, these results are the first to demonstrate that collapse rates of backfill and
waste differ, and therefore the void fraction within the waste may be quite different than the void

fraction within the backfill at a given time. Consolidation of the backfill occurs much more
rapidly than consolidation of the waste. A concern with regard to the results of these calculations
is that, contrary to expectations, the waste is shown to consolidate to almost zero void fraction.

This computed response was a direct consequence of the parameter values assumed for the waste
consolidation model, which were revised later as experimental data became available.

Calculation 5: Rooms Completely Filled With Crushed Salt
or Crushed Salt/Bentonite Backfill

REFERENCE

Weatherby, J. R., and W.T. Brown. 1990. “Closure of a Disposal Room Backfilled With a
Salt/Bentonite Mix,” April 30, 1990 memo to B.M. Butcher. Albuquerque, NM: Sandia
National Laboratories. (Memo in Appendix A).

CODE

SANCHO
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ROOM DIMENSIONS AND BOUNDARY CONDITIONS

A room filled with backfill in two-dimensional (2-D) plane strain was modeled as one in an
infinite series of 33 ft wide by 13 ft high, infinitely long rooms with rounded corners separated
by 100 ft pillars. The finite element mesh was a quarter panel room with dimensions of 20 m
(66.5 ft) by 27 m (88.5 ft). Boundary conditions were roller or unidirectional displacements along

each side of the mesh (based on symmetry conditions), except at the top where a unidirectional

overburden pressure of 14.8 MPa was applied. All locations within the salt formation had this
initial stress state with all three principal stresses set equal to 14.8 MPa.

STRATIGRAPHY

The formation was assumed to be completely salt.

CONSTITUTIVE MODELS

Salt: WIPP reference secondary creep law was used, with the reference elastic
properties of halite divided by 12.5 (Krieg, 1984).

Backfill Crushed salt - The Sjaardema and Krieg constitutive relations were used
with two different sets of elastic moduli. The initial density of the crushed
salt was 1400 kg/m3.

Crushed salt and bentonite - The Sjaardema and Krieg constitutive relations
were used with parameters defined by Callahan and DeVries (1991). These
calculations also were for two different sets of elastic moduli. The initial
density of the crushed salt was 1480 kg/ins.

RESULTS

Void-fraction versus time curves are obtained at a given time by dividing the void volume
in the region by the current volume of the region. These calculations represent the current state

of the art with regard to incorporation of the backfill into disposal room closure analysis.

Calculation 6: Rooms Completely Filled With Different Backfills and Waste

REFERENCE

Weatherby, J. R., W.T. Brown, and B.M. Butcher. 1991. “The Closure of WIPP Disposal Rooms
Filled with Various Waste and Backfill Combination s,” Rock Mechanics as a
Multidisciplinary Science, Proceedings of the 32nd U.S. Symposium. University O! Oklahoma,
Norman, OK, July 10-12, 1991. Ed. J-C. Roegiers. Brook field, VT: A.A. Balkema.

919-928.
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CODE

SANCHO

ROOM DIMENSIONS AND BOUNDARY CONDITIONS

A room filled with waste and backfill in two-dimensional (2-D) plane strain was modeled as
one in an infinite series of 33 ft wide by 13 ft high, infinitely long rooms separated by 100 ft
pillars. The finite element mesh was a quarter panel room with dimensions of 20 m (66.5 ft) by

54 m (177 ft). A quarter panel requires the approximation that the disposal room contents are

symmetric around a horizontal plane passing through the midpoint of the disposal room. Boundary
conditions were roller or unidirectional displacements along each side of the mesh (based on
symmetry conditions), except at the top where a unidirectional overburden pressure of 14.8 MPa
was applied. Initially all three principal stresses were set equal to 14.8 MPa at all locations within
the salt formation to define the initial stress state. The boundary conditions simulate conditions
that would exist around a deeply buried disposal room located near the middle of a long panel of
equally spaced disposal rooms. Room contents were either IOO?4 backfill (crushed salt or 70 wt~o

crushed salt and 30 wt”to bentonite) or backfill plus waste. This configuration did not include the
2 ft air gap normally considered part of the disposal room contents. The volume assumed for the
waste was 1817 ms and the volume assumed for the backfill was 1829 ms.

STRATIGRAPHY

The formation was assumed to be completely salt.

CONSTITUTIVE MODELS

Salt: WIPP reference secondary creep law was used, with the reference elastic
properties of halite divided by 12.5 (Krieg, 1984).

Backfill: Crushed salt - The Sjaardema and Krieg constitutive relations were used
with two different sets of elastic moduli. The initial density of the crushed
salt was 1400 kg/m3.

Crushed salt and bentonite - The Sjaardema and Krieg constitutive relations
were used with parameters defined by Callahan and De Vries (1991). These
calculations also were for two different sets of elastic moduli. The initial
density of the crushed salt was 1480 kg/ins.

Waste: A volumetric plasticity model with a piecewise linear function defining the
relationship between the mean stress and the volumetric strain was used.
Compaction experiments on simulated waste were used to develop this
relationship, which is defined in the paper and in Appendix C of this
report.
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RESULTS

Void-fraction versus time curves are obtained at a given time by dividing the void volume

in the region by the current volume of the region. Results show that the slower consolidation of
the salt-bentonite backfill (cf. Butcher et al., 1991 ) does not significantly affect the rate of waste

compaction.

Calculation 7: Rooms Completely Filled WRh Different Backfills and Waste

REFERENCE

Callahan, G. D., and K.L. DeVries. 1991. Analyses of Backfilled Transuranic Wastes Disposal
Rooms. SAND91 -7052. Albuquerque, NM: Sandia National Laboratories.

CODE

SPECTROM-32

ROOM DIMENSIONS AND BOUNDARY CONDITIONS

A room filled with waste and backfill in two-dimensional (2-D) plane strain was modeled as

one in an infinite series of 33 ft wide by 13 ft high, infinitely long rooms separated by 100 ft
pillars. The finite element mesh was a quarter panel room with dimensions of 20 m (66.5 ft) by

27 m (89 ft). Boundary conditions were roller or unidirectional displacements along each side of

the mesh (based on symmetry conditions), except at the top where a unidirectional overburden
pressure of 14.3 MPa was applied. Initially all three principal stresses were set equal to 14.3 MPa
at all locations within the salt formation to define the initial stress state. Room contents were

either 100% backfill (crushed salt or 70 wt% crushed salt and 30 wt% bentonite) or backfill plus
waste. This configuration did not include the 2 ft air gap normally considered part of the disposal

room contents.

STRATIGRAPHY

The formation was assumed to be completely argillaceous salt in order to facilitate

comparison of results with SANCHO calculations.

CONSTITUTIVE MODELS

Sale The modified Munson- Dawson material model was used (Munson et al.,
1989a).

Backfill Crushed salt - The Sjaardema and Krieg constitutive relations were used.
The initial density of the crushed salt was 1400 kg/m9.
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Waste:

Crushed salt and bentonite - The Sjaardema and Krieg constitutive relations
were used with parameters defined by Callahan and DeVries (1991). The
initial density of the crushed salt was 1480 kg/ins.

The stress-strain behavior of waste is represented in SPECTROM-32 by a
nonlinear elastic model based on the assumption that the axial stress is
always equal to three times the mean stress. The same compaction data
were used to develop this relationship as the data used for the SANCHO
calculations (Weatherby et al., 1991), as shown in Figure 3.3-2.

RESULTS

Void-fraction versus time curves are obtained at a given time by dividing the void volume
in the region by the initial volume of the region. Differences between analyses with SPECTROM-

32 and SANCHO are discussed in Appendix B of the report. These calculations were difficult

because excessive CPU time was required for their completion. A comparison of the results for

rooms filled completely with backfill with SANCHO results showed that in all cases the

SPECTROM-32 results predicted more rapid consolidation. Another major difference was that the

waste compaction model in the SPECTROM-32 calculations caused the waste to compact to much
lower porosities than expected.

Calculation 8: Effect of Gas Generation on Room Closure

REFERENCE

Weatherby, J. R., J.G. Arguello, and C.M. Stone. 1989. “The Effect of Gas Generation on the
Performance of CH-TRU Disposal Rooms,” November 14, 1989 memo to B.M. Butcher and
D.E. Munson. Albuquerque, NM: Sandia National Laboratories. (Memo in Appendix A).

CODE

SANCHO

ROOM DIMENSIONS AND BOUNDARY CONDITIONS

A room filled with waste and backfill in two-dimensional (2-D) plane strain was modeled as

one in an infinite series of 33 ft wide by 13 ft high, infinitely long rooms with rounded corners
separated by 100 ft pillars. The finite element mesh was a quarter panel room with dimensions of

20 m (66.5 ft) by 27 m (88.5 ft). In addition to symmetry about a vertical plane, the disposal
room contents were approximated as symmetric around a horizontal plane passing through the

center of the disposal room. Boundary conditions were roller or unidirectional displacements along

each side of the mesh (based on symmetry conditions), except at the top where a unidirectional
overburden pressure of 15 MPa was applied. All locations within the salt formation had this

initial stress state with all three principal stresses set equal to 15 MPa. Room contents were
backfill plus waste. This configuration did not include the 2 ft air gap normally considered part of
the disposal room contents. However, an inconsistency of the calculation was that the 2 ft air gap
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volume was included in determination of the void volume for the gas, as described below. The
volume assumed for the waste was 1817 m3, and the volume assumed for the backfill was 1829 ms.

STRATIGRAPHY

The formation was assumed to be completely salt.

CONSTITUTIVE MODELS

Salt: WIPP reference secondary creep law was used, with the reference elastic
properties of halite divided by 12.5 (Krieg, 1984).

Backfill: Crushed salt - The Sjaardema and Krieg constitutive relations were used
with slight modifications, mostly concerned with how the deviatoric stresses
are defined, as described in Appendix B of this memo. The initial density
of the crushed salt was 1400 kg/ins.

Waste:

Gas:

A volumetric plasticity model with a piecewise linear function defining the
relationship between the mean stress and the volumetric strain was used.
Since no data was available to define this relationship, the model parameters
were estimated. Deviatoric response assumed that the waste would not
undergo significant lateral expansion, with the constants in the volumetric
plasticity model defined to capture this anticipated characteristic. A
deviatoric yield function was defined, and a non-associative flow rule was
used. This relationship is shown as the “old” Sancho model in Figure 3.3-2
of the current report.

The ideal gas law was used to compute gas pressures. The gas generation
rate was 2.66 g-moles /drum/yr for the first 500 years, after which gas
production due to corrosion was assumed to stop. The gas generation rate
between 500 years and 700 years was 0.86 g-mole/drum/year, due to
microbial action, and after 700 years all gas generation was assumed to stop.
The room was assumed to contain 6804 drums of waste, the maximum
physically possible.

For the gas calculation, the code SANCHO was modified to compute the
room pressure and to apply the resulting nodal forces to the room boundary.
Volume available for the gas was determined by subtracting the volume of
the solids in the disposal room from the current room volume. Solid volume
was determined from the sum of the assumed initial solid fraction of the
waste (0.31 5) multiplied by its initial volume (1 ,817 ins), added to the
assumed initial solid fraction of the backfill (0.6) multiplied by an initial
volume of 1,268 ms. However, the total solid volume of 1,330 m3 computed
in this manner was inconsistent with other assumptions for the calculation
because it was based on the assumption that an air gap was present. For the
quarter panel configuration used for the analysis, the air gap was assumed
filled with backfill to overcome computational difficulties, so that the total
initial backfill volume was actually 1829 ms. Thus the backfill volume used
for estimation of the total solid volume should have been 1829 ms rather
than 1,268 m3, allowing less room for gas. These two values differ by the
volume of the air gap, which is 561 ms.
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RESULTS

Void-fraction versus time curves are obtained at a given time by dividing the void volume
in the region by the current volume of the region. Gas generation was observed to stop closure
when the backfill and waste were still highly porous and the internal gas pressures were well

below lithostatic. Although these results were based on the “old” waste compaction model, the

consequences of its use were not as severe as when it was used for estimates of closure without gas
generation. The reason for this conclusion is that the “old” waste compaction model is considered
to be in error when the waste is compacted to low states of porosity and backstress becomes
important. In the gas generation calculation described in this section, the room contents never

became dense enough to generate much backstress. In fact, little effect on the results is

anticipated had the more recent compaction model been used in this calculation.

Calculation 9: Effect of Gas Generation on Room Closure

REFERENCE

Brown, W.T., and J.R. Weatherby. 1990. “Influence of Gas Generation Potential and Gas

Generation Rate on the Performance of CH-TRU Disposal Rooms,” September 17, 1990
memo to B.M. Butcher and F.T. Mendenhall. Albuquerque, NM: Sandia National
Laboratories. (Memo in Appendix A).

CODE

SANCHO

ROOM DIMENSIONS AND BOUNDARY CONDITIONS

A room filled with waste and backfill in two-dimensional (2-D) plane strain was modeled as

one in an infinite series of 33 ft wide by 13 ft high, infinitely long rooms with rounded corners
separated by 100 ft pillars. The finite element mesh was a quarter panel room with dimensions of

20 m (66.5 ft) by 27 m (88.5 ft). In addition to symmetry about a vertical plane, the disposal
room contents were approximated as symmetric around a horizontal plane passing through the

center of the disposal room. Boundary conditions were roller or unidirectional displacements along

each side of the mesh (based on symmetry conditions), except at the top where a unidirectional
overburden pressure of 14.8 MPa was applied. All locations within the salt formation had this
initial stress state, with all three principal stresses set equal to 14.8 MPa. Room contents were
backfill plus waste. This configuration did not include the 2 ft air gap normally considered part

of the disposal room contents. The volume assumed for the waste was 1817 m3, and the volume
assumed for the backfill was 1829 m~.

STRATIGRAPHY

The formation was assumed to be completely salt.
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CONSTITUTIVE MODELS

Sale WIPP reference secondary creep law was used, with the reference elastic
properties of halite divided by 12.5 (Krieg, 1984).

Backfill: Crushed salt - The Sjaardema and Krieg constitutive relations were used
with slight modifications, mostly concerned with how the deviatoric stresses
are defined, as described in Appendix B of this memo. The initial density
of the crushed salt was 1400 kg/ins.

Waste:

Gas:

A volumetric plasticity model with a piecewise linear function defining the
relationship between the mean stress and the volumetric strain was used.
Since no data was available to define this relationship, the model parameters
were estimated. Deviatoric response assumed that the waste would not
undergo significant lateral expansion, with the constants in the volumetric
plasticity model defined to capture this anticipated characteristic. A
deviatoric yield function was defined, and a non-associative flow rule was
used. This relationship is shown as the “old” Sancho model in Figure 3.3-2
of the current report.

The ideal gas law was used to compute gas pressures. The gas generation
rate was 2.66 g-moles/drum/yr for the first 500 years, after which gas
production due to corrosion was assumed to stop. The gas generation rate
between 500 years and 700 years was 0.86 g-mole/drum/year due to
microbial action, and after 700 years all gas generation was assumed to stop.
Both the gas potential and the time for gas to be generated was varied in
this calculation by changing the number of drums in the room and the gas
generation rates.

For the gas calculation, the code SANCHO was modified to compute the
room pressure and to apply the resulting nodal forces to the room boundary.
Volume available for the gas was determined by subtracting the volume of
the solids in the disposal room from the current room volume. Solid volume
was determined from the sum of the assumed initial solid fraction of the
waste (0.315) multiplied by its initial volume (1 ,817 ins), added to the
assumed initial solid fraction of the backfill (0.6) multiplied by an initial
volume of 1,829 mg. Unlike previous calculations, the total solid volume of
1,670 ms computed in this manner was completely consistent with other
assumptions for the the calculations.

RESULTS

Void-fraction versus time curves are obtained at a given time by dividing the void volume

in the region by the current volume of the region. For maximum gas generation, closure was

observed to cease when the backfill and waste were still highly porous and the internal gas
pressures were well below Iithostatic. In contrast, reductions in gas generation caused more closure
before reversal, and closure for the least amount of gas was greater (a smaller void fraction) than
expected. The reason the closure results for minimum gas generation are considered unrealistic is
that these calculations were based on the “old” waste compaction model. For a given value of

backstress, the “old” waste compaction model prescribed greater compaction (lower porosity) than
is obtained from the more recent model.
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Federal Agencies

US Department of Energy (6)
Office of Civilian Radioactive Waste

Management
Attn: Deputy Director, RW-2

Associate Director, RW-10/50
Office of Program and

Resources Management
Office of Contract Business

Management
Director, Analysis and
Verification Division, RW-22
Associate Director, RW-30
Office of Systems and

Compliance
Associate Director, RW-40
Office of Storage and

Transportation
Director, RW-4/5
Office of Strategic Planning

and International Programs
Office of External Relations

Forrestal Building
Washington, DC 20585

US Department of Energy
Albuquerque Operations Office
Attn: National Atomic Museum Library
PO Box 5400
Albuquerque, NM 87185-5400

US Department of Energy (4)
WIPP Project Integration Office
Attn: W.J. Arthur III

L.W. Gage
P.J. Higgins
D.A. Olona

PO Box 5400
Albuquerque, NM 87115-5400

US Department of Energy (2)
WIPP Project Integration Satellite
Office
Attn: R. Batra

R. Becker
L. Trujillo

PO Box 3090
Carlsbad, NM 88221-3090

US Department of Energy (3)
WIPP Project Site Office (Carlsbad)
Attn: V. Daub

J. Lippis
J.A. Mewhinney

PO Box 3090
Carlsbad, NM 88221-3090

US Department of Energy
Research & Waste Management Division
Attn: Director
PO Box E
Oak Ridge, TN 37831

US Department of Energy
Attn: E. Young
Room E-178
GAO/RCED/GTN
Washington, DC 20545

US Department of Energy
Office of Environmental Restoration

and Waste Management
Attn: J. Lytle, EM-30

(Trevion II)
Washington, DC 20585-0002

US Department of Energy (3)
Office of Environmental Restoration

and Waste Management
Attn: M. Frei, EM-34

(Trevion II)
Washington, DC 20585-0002

US Department of Energy
Office of Environmental Restoration

and Waste Management
Attn: S. Schneider, EM-342

(Trevion II)
Washington, DC 20585-0002

US Department of Energy (2)
Office of Environment, Safety

and Health
Attn: C. Bergstrom, EH-25

R. Pelletier, EH-231
Washington, DC 20585

US Department of Energy (2)
Idaho Operations Office
Fuel Processing and Waste
Management Division

785 DOE Place
Idaho Falls, ID 83402

US Environmental Protection
Agency (2)

Radiation Protection Programs
Attn: M. Oge
ANR-460
Washington, DC 20460
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US Geological Survey (2)
Water Resources Division
Attn: R. Livingston
4501 Indian School NE
Suite 200
Albuquerque, NM 87110

US Nuclear Regulatory Commission
Division of Waste Management
Attn: H. Marson
Mail Stop 4-H-3
Washington, DC 20555

Boards

Defense Nuclear Facilities Safety
Board
Attn: D. Winters
625 Indiana Ave. NW, Suite 700
Washington, DC 20004

Nuclear Waste Technical Review
Board (2)
Attn: Chairman

S.J.S. Parry
1100 Wilson Blvd., Suite 910
Arlington, VA 22209-2297

Advisory Committee on Nuclear
Was te
Nuclear Regulatory Commission
Attn: R. Major
7920 Norfolk Ave.
Bethesda, MD 20814

StateAgencies

Environmental Evaluation Group (3)
Attn: Library
7007 Wyoming NE
Suite F-2
Albuquerque, NM 87109

NM Bureau of Mines and Mineral
Resources

Socorro, NM 87801

NM Energy, Minerals, and Natural
Resources Department

Attn: Library
2040 S. Pacheco
Santa Fe, NM 87505

NM Environment Department
WIPP Project Site
Attn: P. McCasland
PO Box 3090
Carlsbad, NM 88221

Laboratories/Corporations

Battelle Pacific Northwest
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